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Abstract 
Printed electronics is an established industry allowing the production of electronic 
components such as resistors, and more complex structures such as solar cells, from 
functional inks. Composites, a mixture of two or more materials with different 
physical and/or chemical properties that combine to create a new material with 
properties differing from its constituent parts, have been important in areas such as 
the textile and automotive industries, and are significant in printed electronics as 
inks for printed circuit components, touch and vapour sensors. Here, the functional 
performance and physical behaviour of two screen printable multi-component 
nanocomposite inks, formulated for touch-pressure sensing applications, are 
investigated. They each comprise a proprietary mixture of electrically conducting 
and insulating nanoparticles dispersed in an insulating polymer binder, where one is 
opaque and the other transparent. The opaque ink has a complex surface structure 
consisting of a homogeneous dispersion of nanoparticles. The transparent inks 
structure is characterised by large aggregates of nanoparticles distributed through 
the printed layer. Temperature dependent electrical transport measurements under 
a range of compressive loadings reveal similar non-linear behaviour in both inks, 
with some hysteresis observed, and this behaviour is linked to the inks structures. A 
physical model comprising a combination of linear and non-linear conduction 
contributions, with the linear term attributed to direct connections between 
conductive particles and the non-linear term attributed to field-assisted quantum 
tunnelling, has been developed and used successfully to describe the underpinning 
physical processes behind the unique electrical functionality of the opaque ink and, 
to a lesser extent, the transparent ink. 
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1. Introduction 
1.1 Background 
Printed electronics is a term that encompasses any and all electronic devices that can 
be produced using a conventional industrial printing process, such as screen, inkjet, 
or gravure printing, onto a variety of substrates. The printing of conducting tracks, 
connects and resistors has been common in the printed circuit board industry for 
some decades now but, as the ability to customise materials and processes has 
progressed, so has the diversity of potential applications. 
One particular area that has seen significant research and growth is that of 
sensor applications, such as those for touch and vapour detection. While thin film 
vapour sensors are common, they are produced using relatively costly techniques 
such as chemical vapour deposition. The use of printed vapour sensing inks, such as 
those containing titanium dioxide and tin dioxide nanoparticles, allows vapour 
sensors to be produced quickly and on a wider range of substrates than before, even 
on textiles.  
Touch sensors have become ubiquitous in a variety of consumer electrical 
products and devices, finding use as track pads and touch screens. Like vapour 
sensors, these devices are commonly made using traditional deposition techniques, 
and often require additional lithographic patterning to facilitate or enhance the touch 
sensitive characteristic. Printing processes can eliminate the need for these 
additional patterning steps, for example through the use of direct write techniques 
such as inkjet printing, and thus have the potential to speed up and lower the cost of 
the production of these sensors.  
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Composite materials, defined as a mixture of two or more materials with 
different physical and/or chemical properties that, when combined, produce a 
material with properties that differ from the individual constituents, are of great 
interest in printed electronics. Traditionally, composites have been produced in bulk 
form by dispersing filler or reinforcement particles within materials (known as 
matrices) such as cement [1] and silicone rubber [2]. These have found use in structural 
applications, for example reinforced concrete in architecture, advanced carbon 
fibre/resin composites in sporting equipment and aircraft [3] [4], and brake discs [5] (a 
composite of metal particles and ceramic: it’s properties, such as the thermal 
conductivity, can be tailored by varying the ratio of metal particles to ceramic).  
As mentioned above, touch sensitive inputs have become increasingly 
important in consumer electronics but these are limited by complex manufacturing 
and, even in the case of printed inks, the necessity for patterning and additional 
structures to create functional touch sensitive devices. By mixing electrically 
conducting nanoparticles with insulating polymer binders/resins, printable 
functional electronic components such as resistors, touch-pressure and vapour 
sensors and electronic switches can be readily produced. The touch sensitivity arises 
by compressing the pliable polymer matrix: while connected in an electrical circuit 
and in an uncompressed state, the composite is insulating. As compression increases, 
the conducting filler particles are pushed into close proximity and ultimately into 
direct contact, creating conducting pathways through the composite. This switches 
the composite from an electrically insulating to a conductive state. In some 
composite systems, the particles need not touch to form a percolative conducting 
network, utilising quantum tunnelling effects to transport charge along the pathways 
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formed by the filler particles. Touch-pressure sensitivity in composite systems is a 
highly attractive feature for applications touch sensors. As the composite material is 
intrinsically touch sensitive, no additional structures or patterning are required to 
create a touch input device.  
Peratech Ltd has produced bulk conductive composites for a number of years, 
developing both bulk and, recently, printable inks. The company has a track record of 
publications with the Department of Physics at Durham University [6] [7]. The original 
composite produced by Peratech was QTC™, or quantum tunnelling composite. QTC™ 
comprises microscale nickel particles with nanoscale surface spikes dispersed and 
wetted in silicone rubber. This bulk composite exhibits unique and highly sensitive 
deformation dependent electrical behaviour; its resistance falls under compression, 
torsion and, to a lesser extent, stretching (through the Poisson effect). Early research 
in collaboration with Durham University established that quantum mechanical 
tunnelling processes significantly contribute to the electrical conductivity of QTC™. In 
a circuit, QTC™ is an insulator. If the composite is compressed however, the 
conducting particles are pushed into closer proximity, as described above. Large 
electric fields develop at the ends of the surface spikes on the nickel particles and, 
when the separation between the tips of adjacent particles has been reduced 
sufficiently, charge transfers between the tips by field-assisted quantum tunnelling.  
The efficiency of quantum tunnelling is highly sensitive to conductor separation 
and this makes this composite well suited to touch-pressure sensing applications, 
such as track pads and switches. QTC™ is particularly useful in this regard as the 
particles within the composite don’t come into direct contact to conduct charge. This 
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increases the longevity of the material due to insignificant physical wearing of the 
nickel surface spikes. 
Peratech Ltd has gone on to develop nanocomposite inks which exhibit similar 
touch sensitive electrical behaviour [7]. While the touch sensitivity of these new inks 
is macroscopically similar to that of QTC™, the physical basis for their electrical 
behaviour may be different and this is the focus of this study. 
1.2 Aim of this thesis 
Two touch-pressure sensitive nanocomposite inks, developed empirically by 
Peratech Ltd, have been studied as the focus of this thesis. The first is named QTC™ 
Ink, henceforth referred to as opaque ink. It comprises acicular (needle-like) titanium 
dioxide needles with a conductive antimony-doped tin oxide surface coating, 
(referred to as needles) and insulating near-spherical titanium dioxide nanoparticles 
(referred to as TiO2 particles), dispersed in an insulating polymer binder. The second 
nanocomposite ink is QTC™ Clear ink, referred to as transparent ink from here on in. 
This ink variant comprises conductive antimony-doped tin oxide needles (Sb-
needles) and conductive near-spherical antimony-doped tin oxide nanoparticles (Sb-
particles) dispersed in a polymer binder. These inks display unique non-linear touch-
sensitive electrical behaviour and can be compressed from electrically insulating to a 
conductive state with the application of 2 N [7]. They have been designed as part of a 
long iterative process and have proprietary particle/polymer ratios selected for 
optimal touch sensitivity.  
They have been developed for applications in printed touch sensors, such as 
track pads, pressure sensors and touch screens in devices such as laptops; games 
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console controllers; mobile phones; and interactive electronic whiteboards. While 
composite materials, such as these inks, have always had their conductivity modelled 
with percolation and effective medium theories, these are both phenomenological 
and only describe composite conductivity with regard to filler particle concentration.  
The aim of this research is to develop a deeper understanding of the physical 
processes that underpin the pressure sensitive electrical functionality of these inks. 
This has involved a detailed analysis of the physical structure and thermal properties 
of the inks and the individual constituents using scanning electron microscopy, 
thermogravimetric analysis and differential scanning calorimetry. The pressure 
sensitive electrical behaviour was studied as a function of both compression and 
temperature. The pressure range studied was appropriate for touch input and the 
temperature range was constrained by what was deemed to be academically suitable 
and by temperature limits in potential applications. Much of the data accumulated in 
this thesis is not only interesting in an academic sense but is also significant from an 
industrial perspective: the data can and has been used to determine operating 
voltage and temperature limits of the inks, and has lead to informed improvements 
to the inks, such as choice of filler particle size, shape, material etc. Ultimately, the 
aim is to construct a simple physical model that can accurately reproduce and 
describe the observed electrical behaviour. 
1.3 Outline 
In order to present a detailed insight into these materials it is necessary to 
understand something of the applications technology background, the various 
printing methods and their limitations, and the physics of conduction in composite 
systems. Therefore, Chapter 2 presents a detailed review of printed electronics, 
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covering the development and types of printable functional inks, common 
applications, bulk composite materials and composite inks, and the printing 
techniques used most widely in the printed electronics industry which are relevant 
to this study. A detailed understanding of conduction in composites is needed and 
Chapter 3 presents the relevant background knowledge of electrical conduction in 
metals, semiconductors (as these materials are commonly used as filler powders in 
composites, including the inks studied here) and insulators, as well as discussions on 
quantum mechanical effects, such as tunnelling, and the temperature dependence of 
various conduction mechanisms. In Chapter 4 the experimental techniques utilised in 
this study are described along with the underlying physical principles upon which 
their operation is based. The results of this research are divided into three chapters: 
Chapter 5 details the structural and thermal properties analysis from electron 
microscopy, thermogravimetric analysis, and differential scanning calorimetry. The 
assembly of the nanoparticles in the inks, how these nanoparticles are wetted by the 
insulating polymer, and how the inks respond to changes in temperature, such as 
physical or chemical transitions, may significantly influence the electrical behaviour. 
Chapters 6 and 7 present the compression and temperature dependent electrical 
transport measurements for the opaque and transparent inks, respectively. With 
reference to Chapter 3, conduction mechanisms exhibit specific dependencies on 
compression and temperature, and the electrical transport measurements were 
undertaken to analyse these relations and to develop an informative physical model 
of the conduction in these composite inks. Chapter 8 further discusses and 
summarises the key findings of this thesis, linking the structure and thermal 
properties of the inks with their touch sensitive electrical behaviour, as well as 
commenting on possible areas for further study. 
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2. Printed electronics and printing techniques 
2.1 Introduction 
Printed electronics is the manufacturing of electrical devices from electrically 
functional organic and inorganic inks using conventional printing technologies such 
as screen printing, inkjet and gravure printing. A critical feature of printed 
electronics is the capability to manufacture devices on a diverse range of substrate 
materials; the substrates can be rigid, or flexible and stretchable. Printed electronics 
has made the transition from the laboratory to the consumer market and is predicted 
to grow in market share value from $16.04 billion to approximately $76.79 billion by 
2023 [8], largely due to its potential to facilitate the production of electronic devices 
on a wide range of substrate materials at a much lower cost per unit area than 
traditional silicon-based electronics that involves vacuum deposition and 
lithographic technologies. 
This chapter provides an overview of the printed electronics sector as a whole, 
detailing the development of functional inks, common applications, printing 
techniques, and the links between these three key aspects of printed electronics. 
2.2 Electrically functional inks and their 
applications 
The oldest and most basic application of printed electronics is the production of 
conducting tracks/connects and electrodes. These structures typically comprise of a 
single active layer which must be uniform and unbroken, adhere well to the substrate 
and have a sufficiently high electrical conductivity. The first uses of printing, 
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particularly screen printing, for making electrical connects and electrodes were in 
the manufacturing of printed circuit boards (PCBs) circa 50 years ago [9], and the 
screen printing method remains an important tool in PCB production today [10]. 
Originally, screen printing was used to print a negative mask on an insulating 
substrate, such as FR-2 (paper/resin composite) or FR-4 (fibreglass/resin composite 
– more common), plated with a uniform layer of copper. The ink used for the mask 
was designed to be resistant to an etching process, typically chemical etching. The 
unmasked copper was etched away and the ink resist washed off with a solvent, 
leaving the desired conducting tracks and structures in place [11]. The development of 
electrically conducting inks allowed the direct printing of the required conducting 
tracks and electrodes. The simplest of such inks are particulate suspensions. These 
are defined as particles of conducting material, typically metals such as nickel, gold 
or silver, suspended in a solvent, or a mixture of solvents and polymer binders (to 
tailor the viscosity of the resulting ink) [12]. This type of ink is well suited to screen 
printing and gravure printing, both of which are techniques that can process inks of a 
wide range of viscosities and are less prone to blockages than inkjet printing [13]. 
These methods are discussed later.  
Particulate suspensions are difficult to use with inkjet systems, even with 
nanoscale particles, as the presence of the particles and the viscosity of the ink tend 
to cause the inkjet nozzles to become clogged. Once printed, the ink typically has a 
higher electrical resistance than the bulk conducting component [14]. This is due to the 
fact that the layer may not be uniform: it comprises a rough, broken layer of particles. 
The electrical resistance can be reduced by first curing (heating to remove solvent 
and other organic components), and then sintering the printed ink layer [15]. Sintering 
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involves exposing the printed ink to high temperatures for a given amount of time 
(depending on the size of the particles and the thickness of the printed layer), for 
example 260° C for 3 minutes is suitable in the case of 50 nm silver colloids in a 
water-based ink printed to a thickness of approximately 1 µm [16]. This causes the 
particles to neck and join into a single, uniform layer [16], see figure 2.1.  
While this is not a problem for PCBs on FR-4, the need for a high temperature 
sintering step presents a serious issue for printing good quality conducting layers on 
to flexible substrates, such as plastics [17]. This issue has been addressed by reducing 
the size of the conducting particles, as the melting point for nanoparticles can be 
lower than that of the corresponding bulk material (known as melting point 
depression), and by developing inks which do not require a sintering step; using 
materials like carbon nanotubes [18], organometallic inks [19], or by the use of 
 
Figure 2.1. A series of schematic diagrams depicting the necking of printed metal nanoparticles into a 
single uniform layer during a sintering process. (a) The as-printed nanoparticles before sintering. Here, 
the blue tile is the substrate, the green layer is the printed solvent/polymer binder and the grey dots 
are the printed nanoparticles; (b) The solvent starts to be driven off by the increased temperature at 
the beginning of the sintering step. Small necks begin to form between the nanoparticles; (c) Most of 
the solvent has now evaporated and the necks continue to grow in size as the sintering process 
progresses; (d) At the end of the sintering step a single uniform layer has formed from the printed 
metal nanoparticles. 
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electrical [20], localised laser [21], and photonic [22] sintering techniques described in 
more detail below.  
Organometallic inks utilise metallic/organic compounds in solution, which can 
be decomposed to precipitate a single conducting layer [23]. This decomposition 
occurs at a typically lower temperature than that of traditional sintering processes, 
and much of the literature focuses on carrying out the technique using laser 
irradiation, further reducing temperature induced stress on the substrate as the 
printed ink may be heated very quickly and in a localised manner. For example, Nie, 
Wang and Zou (2012) produced an inkjet printed silver film on PET using a post 
printing thermal treatment at 150 °C [23]. As organometallic inks contain no solid 
materials until heat treatment drives off the solvents, they tend to have low viscosity, 
and are widely applicable to inkjet printed electronics. Recently new nanomaterials 
such as carbon nanotubes, which are of particular interest due to their high as-
printed electrical conductivity [24] and crucially their flexibility [25], have been 
considered for use in conducting inks. 
In addition to conducting tracks and electrodes, resistors and capacitors are 
further essential applications of printed electronics, each consisting of a minimum of 
three printed layers: where two layers form electrodes and the intermediate layer is 
a resistive or dielectric layer. Embedded, printed resistors are now commonplace in 
the PCB industry [26]. They are commonly made from conducting printable ceramic 
materials known as cermets [27], or printable carbon [28]. Both of these materials are 
conducting composites, made from a mixture of electrically conducting particles and 
electrically insulating materials.  Cermets are composed of metallic particles blended 
with insulating ceramic powder in a viscous solvent, which allows the material to be 
 11 
 
screen printed. The conductive powders used include various metals [29], such as 
ruthenium [30] and nickel [31]. The liquid cermet material is screen printed [32], air 
dried, and then sintered at high temperature to form an electrical component. 
Printed carbon electrodes are similar in that they comprise carbon, often carbon 
black powder, mixed with a viscous polymer solvent; this flowing composite is screen 
printed to form electrical components, as with cermet materials [33]. Typically, 
proprietary blends of specific ratios of metal oxide, ceramic powder, carbon powder, 
and viscous carrier solvent are used, but the resistance value of the printed 
component is tailored either by varying the area of the final printed resistor, or 
through the variation of the thickness of the thick film. This has been achieved 
through mechanical, chemical, and laser trimming [34] [35].  
Alternatively, changing the volume fraction of conducting powder in the 
composite also affects the final electrical resistance, but this is more difficult to 
accomplish due to the manner with which the conductivity rises dramatically with 
very small increases in the conducting components of composites. Many composite 
systems can have their conductivity described well by percolation theory [36] [37]. At 
low conducting filler content fractions, the conductivity of the composite takes a 
value close to that of the bulk insulating material.  
An increase in the filler content fraction will initially have little effect on the 
conductivity, until the content fraction reaches a critical value known as the 
percolation threshold [38]. Here, the filler content fraction is great enough for direct 
contacts to form between the filler particles, creating a conducting pathway 
throughout the insulating material. The transition from an insulating to a conducting 
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state is typically very sharp, as shown in Figure 2.2; these characteristics of typical 
composite materials are discussed later in Chapter 3 in more detail.  
Printable functional inks, including nanoparticle suspensions, organometallic 
inks and conductive polymer inks, are also being applied to create more complex 
device structures and functionalities such as thin film transistors [39], photovoltaic 
cells [40], batteries [41] and OLEDs [42], but many of these are still very much in the 
research stage and not highly commercialised.  
As well as printed resistors and capacitors, an established area of printed 
electronics is in sensor applications. In particular, printed functional inks are being 
used widely for low cost vapour sensors and touch pressure sensors. Many printed 
vapour sensors comprise either a metal oxide film [43] [44], a polymer layer [45], or a 
layer of nanocomposite material [46]. Tin oxide is a very common vapour sensing 
 
Figure 2.2. An example of how the electrical conductivity of a composite material, σ, varies as a 
function of the conductive filler volume fraction. At the percolation threshold, signified by the dashed 
red line, the conductivity of the composite rises dramatically as conducting pathways form through the 
body of the composite material. 
 
 13 
 
material, as is titanium dioxide [47] [48]. Tin oxide sensors operate by undergoing an 
increase in electrical conductivity when in the presence of reducing agents, such as 
carbon monoxide, which donate electrons to the tin-oxide, called an n-type 
semiconductor [49]. Conversely, the conductivity of the tin oxide decreases when 
exposed to an oxidizing agent, such as oxygen.  
Conducting polymer vapour sensors are thought to interact with vapours in a 
similar way, with different vapours affecting the how charge is transported across 
the polymer chains [50]. Printed composites, consisting of a homogeneous mixture of 
electrically conducting or semiconducting particles in a viscous insulating matrix, 
may operate in an electrochemical way, as described above, or through swelling of 
the insulating matrix resulting from exposure to vapour, which lowers the 
conductivity of the composite.  
Composite systems which utilise polymer swelling to detect vapours are usually 
made in a conductive state to begin with: the conducting filler content fraction must 
be just above the percolation threshold. In this state, many of the filler particles are in 
direct contact and conductive pathways span the whole body of the material. When 
the composite is exposed to a vapour, the polymer swells and this acts to increase the 
distance between the filler particles, akin to how two dots drawn on a balloon will 
become further separated as the balloon is inflated. This process breaks up the 
conductive pathways in the composite, increasing the electrical resistance, illustrated 
in Figure 2.3.  
Touch-pressure sensitive sensors have become an important component in 
consumer electronics, popularised by products such as track pads, smart phones and 
tablet computers. In these current devices the touch sensors used are typically 
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capacitive and usually comprise of indium tin oxide (ITO) transparent electrodes and 
a dielectric material, which can be a printable ink [51]. Touch-pressure input is 
detected by sensing a change in capacitance when a conductor, or a material with a 
dielectric constant different to that of air, comes into close proximity or touches the 
surface of the sensor device. Capacitive sensors do not require hard presses to 
operate and are capable of detecting very light touches.  
This contrasts with older resistive touch sensors, which comprise a flexible top 
electrode and rigid bottom electrode, separated by air or microdots or some other 
spacer layer or structure [52]. The application of pressure causes the electrodes to flex 
and make contact, changing the electrical resistance at the point of contact. These 
older sensors have become less popular as they generally require harder pressure 
and can become damaged more easily. 
Conducting composite materials are, however, emerging as an important new 
class of material for use in a new generation of resistive touch sensors. If a composite 
material is loaded with a conductive filler content just below the percolation 
 
Figure 2.3. A schematic diagram showing the effect of vapour induced polymer swelling on a composite 
initially loaded to be in a conducting state. The grey bars are the electrodes, the lilac shaded area the 
insulating matrix, the black dots the conducting filler particles and the yellow lines represent conducting 
pathways. 
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threshold, then the resistance of the material may become highly sensitive to 
compressive force [53]. As well as being able to detect the x-y location of a touch in the 
plane of the screen or touchpad, resistive based touch interfaces may also 
detect/sense the touch force, which adds a third dimension of user control for 
electronic devices with touch interfaces. When subjected to compressive force, the 
conducting particles in the composite are forced closer together, pushing the 
composite through the percolation threshold. The electrical resistance is reduced by 
the formation of direct electrical contacts between the filler particles, and/or through 
more efficient quantum tunnelling conduction through thinner potential barriers 
between the filler particles.  
Composites which utilise the latter conduction mechanism have distinct touch 
sensitivity, effectively rivalling the light touch detection of capacitive technology, and 
are more durable than the older type of resistive touch sensor due to the fact the 
filler particles do not have to physically contact each other in order to form 
conduction pathways, which significantly reduces wear [6].  
Resistive touch sensitive interfaces have been developed with conducting 
composite materials before [54] [55], but they required the utilisation of bumps, posts 
and other such structures to enable touch location sensing capability. Most recently, 
conducting composite touch sensors of this type have been used in making the 
Microsoft Surface Touch Cover keypads. Ideally a single layer of intrinsically pressure 
sensitive resistive material, printed directly onto a matrix electrode architecture, is 
desired. Such an ink material is studied in this thesis.  
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2.3 Printing techniques 
There are many printing methods available for use in printed electronics, each with 
their own benefits and drawbacks. The most common, both in industry and academic 
research, are discussed here in turn. 
2.3.1 Screen printing 
The most common method of printing functional inks for printed electronics is 
screen printing. This is a well established technique for the production of electrical 
components, for example thick film resistors for PCBs, mentioned earlier [56]. The 
screen printing technique utilises a masked screen, commonly made from a metal 
wire, polymer or silk mesh, to transfer an image or pattern of the ink onto a 
substrate. It is a so called push-through technique; the ink is pushed through the 
screen on to the substrate by a squeegee or doctor blade [57]. Below, the specific 
constituents and characteristics of screen printers and the screen printing process 
are discussed in turn. 
2.3.1.1 Frames and screens 
The frame, which holds the screen, can be made out of wood, plastic or metal. For use 
in printed electronics, where tolerances in final printed resolution are small, metal 
frames are most commonly used, often an aluminium alloy [58]. During the printing 
process, the frame may experience loads of the order of 50 kg; wood and plastic 
frames are often not stable enough and the strength of a metal frame is required.  
The screen, affixed to the frame, is made from a woven mesh of fabric. 
Traditionally, this fabric was silk, hence the name “silk screen printing”, but it is more 
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common for the screen material to be either a polymer or metal wire, such as 
stainless steel. Common polymers include nylon and polyester, the latter being used 
more frequently due to its greater stability in the presence of humidity and 
temperature. Metal screens are less susceptible to wear than polymer screens but are 
more easily dented [59]. After weaving, polymer screens must be passed through 
heated rollers to “weld” the threads together, preserving the woven pattern. This 
step is not necessary for metal threads as they naturally bend and lock together 
during the weaving process [59].  
The degree of open area in the screen is determined by the thread count and 
the thread diameter and is a variable which affects the amount of ink deposited in the 
final image. Screens come in a range of thread counts, from 10 to 200 per cm, but are 
typically made from threads of one of 4 standard thicknesses. These are denoted by 
the suffixes S, T, HD and HD Super [59]. These suffixes date from when silk screens 
were commonly used, where threads of thickness “S” were used for serigraphic (fine 
art) prints, whereas “T” thickness threads were utilised in screens for textiles. HD 
and HD Super are both for heavy duty applications. Using the values for thread 
diameter and thread count, one can calculate the open screen area A, as a percentage 
of the total surface area, using the following relation [58]: 
       
  
  
      (2.1) 
where w is the width of open mesh space and a is the thread spacing.  
The geometry is shown in Figure 2.4. Screens are fixed under tension to the 
frame. This tension is tailored to stretch the screen by a sufficient amount to allow it 
to peel away from the substrate after printing but not stretch it so much as to 
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cause damage to the mesh. This is dependent on the yield point of the mesh material. 
During printing the screen is pressed by a squeegee which stretches the screen into 
contact with the substrate. This acts to increase the size of the printed image as 
compared to the original size of the stencil. This stretching is depicted in Figure 2.5. 
 
Figure 2.5. Screen printing: a cross-sectional schematic diagram showing how the screen mesh is 
stretched when pressed onto the substrate by the squeegee. Here, the grey squares are the frame, the 
red block is the squeegee, the black line is the substrate, the thick blue dashed line is the original 
screen position and the thick solid blue line is the stretched screen. A simple calculation shows that, in 
this case, the screen mesh is stretched by 0.36 mm. 
 
 
Figure 2.4. Screen-printing: a diagram of the mesh geometry showing the open area, A; the mesh width, 
w; the thread spacing, a; and the thread diameter, d. 
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Screens held at a higher tension may be held closer to the substrate during printing, 
which reduces image distortion.  
2.3.1.2 Stencils 
The stencil is the carrier of pattern information on the screen. A good stencil must 
permeate the entire mesh structure and extend out of the plane of the surface of the 
screen. This ensures the screen mesh structure does not cause image defects during 
the printing process and thus increases the image resolution and accuracy. There are 
several ways to manufacture stencils for use in screen printing. The methods can be 
separated into two broad classifications: manual and photochemical stencils. 
Manual techniques for producing stencils are generally used for small scale arts, 
crafts and serigraphy work, and include: cutting, masking, and washing off. The 
cutting technique involves producing the stencil by hand, cutting material to produce 
a negative mask and sticking it to the screen with adhesive. Masking is where a 
negative mask stencil is painted directly onto the screen with an impermeable 
varnish. Washing off, a more complex procedure, entails painting a positive image 
mask onto the screen using a varnish soluble in a particular solvent. After this step, 
the entire screen is painted over with varnish soluble in a different solvent. The 
screen is then washed in the solvent for the first varnish layer, removing the positive 
image pattern and leaving the negative image mask in place on the screen. 
Photochemical techniques are the most common group of stencil production 
techniques used in the screen printing industry. They all involve the application of 
photosensitive resists to manufacture stencil masks. There are three main types of 
photochemical mask, based on whether the stencil mask is produced on the screen or 
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separately from the screen and then affixed to the mesh, or a combination of both. 
They are termed direct, indirect, and direct/indirect, respectively. These techniques 
are discussed in turn. 
Direct stencils are made by applying a photosensitive film to the screen and 
then developing the stencil on the screen. The stencil layer can either be coated on to 
the screen with a squeegee or scoop coater, and may be applied on both the print 
side and the squeegee side of the screen to ensure a thick, even coating. The stencil 
film material is designed to be soluble in a specific solvent, such as water or acetone, 
but insoluble after exposure to UV light, which facilitates cross linking of the polymer 
that makes up the film. Once the stencil film is attached, it is exposed to a film 
positive image of the stencil pattern with UV light. The areas of the stencil film not 
protected by the film positive cross-link and become insoluble under exposure to UV 
light, while the shaded areas remain soluble. The unexposed areas are then washed 
off with solvent to leave a completed stencil. This method is used frequently due to 
its simplicity and low cost, and produces stencils precise enough for most 
applications [58]. 
Indirect stencils are prepared away from the screen and adhered to the mesh 
after the UV exposure and washing off steps have been completed. Indirect stencils 
come as a sheet of sensitised emulsion on a plastic support sheet. This sheet of 
emulsion is developed using a film positive, in much the same way as direct stencils. 
After this step the stencil film is placed on a flat surface, emulsion side up. A clean, 
degreased screen, wetted slightly with a solvent such as water to soften the stencil 
emulsion, is lowered onto the stencil film and is gently pressed onto the film so that 
the emulsion permeates the screen mesh by capillary action. Once dry, the plastic 
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support can be removed and screen is ready for printing. This method is used when 
there are more stringent controls on the thickness of the final print layer [58]. 
Direct/Indirect stencils combine the above two methods. A photosensitive film, 
similar to that used for indirect stencils, is fixed onto the screen through capillary 
action of the film emulsion into the screen mesh. The film is then patterned on-screen 
through exposure to UV with a film positive and then washed with solvent to fully 
develop the stencil [58]. There are other methods of creating stencils for screen 
printing but they are not commonplace. These methods include laser etching of films 
and using inkjet printers to deposit UV impermeable masks: here, the stencil pattern 
film positive, made with UV impermeable ink, is printed on a photosensitive film. 
Exposure to UV light hardens the film not covered by the printed film positive. The 
washing off process then removes the printed film positive and underlying 
undeveloped film, leaving the final stencil. 
In industrial printed electronics applications, the resolution of the final printed 
patterns is of great importance, far more than in graphic arts applications. In figure 
2.5, it was shown how the screen is stretched slightly when pressed onto the 
substrate. If the stencil image covers an area too close to the screen edge, the printed 
image will be distorted. Additionally, it is more difficult for the squeegee to press the 
mesh into contact with the substrate close to the edge of the frame, which will 
negatively impact on the precision of the final print thickness.  
To combat these issues, the sizes of the screen and image stencil are made in a 
ratio of 1.5 to 1 or 2 to 1, so that the image is sufficiently far away from the screen 
edge [59]. The quality of the final print is thus dependent on the frame material, the 
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thread count of the mesh material (the number of mesh threads per cm), the thread 
thickness (diameter), the thickness of the screen and the degree of open area. 
2.3.1.3 Types of screen printer 
The most basic form of screen printing process is flat-bed screen printing. In this 
process, both the printing plate, which is the combination of the screen mesh and the 
frame, and the substrate, are flat and lie parallel to each other. The ink is applied to 
the screen on the squeegee side and is spread across the entire printing plate area, 
either by hand or with the print squeegee or a second squeegee known as a flood bar, 
at a very low contact force. During this process, called pre-loading or flooding, the ink 
fills the screen mesh through capillary action. Figure 2.6, below, schematically 
represents the printing process [58]. The squeegee is then pressed into the printing 
plate, bringing the screen and the substrate into direct contact, and is moved along 
 
Figure 2.6. Screen printing: a schematic diagram showing (a) the optional pre-flood step, and (b) the 
screen-print process; as the squeegee progresses along the printing plate (the combination of the screen 
and stencil), the ink is pushed into the mesh in the filling zone. The mesh comes into contact with the 
substrate in the contact region. The ink adheres to the substrate here and in the adhesion area. The mesh 
peels away from the substrate surface in the release area, leaving a printed ink layer on the substrate. 
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the length of the printing plate at constant velocity. The region beneath the squeegee 
is the contact region. It is here that the screen comes into contact with the substrate. 
Immediately behind the squeegee is the adhesion region. Here, the ink adheres to the 
substrate. Behind this region is the release or peel region, also known as the snap-off 
region. The screen peels away from the substrate here, leaving the ink firmly in place.  
It is also possible to print on curved surfaces such as cylinders and conical 
surfaces using flat bed printing frames; the substrate is rotated at the same velocity 
as the squeegee, and the frame is guided over the surface of the substrate at a 
tangent. The final dry thickness of the printed film, t, is dependent on several 
variables but can be estimated using the following relationship [60]: 
        
 
 
 (2.2) 
where tsc is the printed wet thickness and is equal to the thread diameter plus 
the thickness of the stencil layer; kp is the pickout ratio, defined as the amount of ink 
which remains in the mesh and does not get printed; c is the concentration or density 
of solid particles in the wet ink; ρ is the density of the dry printed ink layer. The 
pickout ratio kp is difficult to measure, as it is dependent on the ink viscosity, the 
force with which the squeegee is applied, the speed of the squeegee and the distance 
between the mesh and the substrate. 
Rotary screen printers allow continuous printing, without seams. A cylindrical 
printing plate is used with a flat substrate and the squeegee is housed inside the 
printing plate. Ink is fed directly into the mesh via a feeding system attached to the 
squeegee mount. This setup is shown schematically in figure 2.7 [60].  
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After the printing stage the inks must be dried. This can take place in an oven at 
a temperature high enough to quicken the drying process but not to cause any 
damage to either the ink or the substrate. This is particularly crucial when printing 
on textiles and flexible polymer substrates with low glass transition, melting and/or 
decomposition temperatures.  
Screen printers come with varying degrees of automation. Small scale graphic 
arts projects typically utilise manual screen printers whereas large scale industrial 
print runs utilise either semi-automatic or fully automatic screen printers. Semi-
automatic printers have a fully automated squeegees/flood bars and the lowering of 
the printing plate is also computer controlled. Only the placement of the substrate is 
performed manually. In fully automated screen printers everything is computer 
controlled with substrate sheets fed mechanically, either one by one for flat bed 
systems or as a roll in rotary systems. These systems may or may not have an 
automated drying system attached [58]. 
 
Figure 2.7. Screen printing: a schematic diagram of a rotary screen-printing setup. The printing plate is 
not flat, as in flat bed screen printing, but is in the form of a cylinder. The squeegee and ink feeding 
system is housed inside the cylindrical screen which transfers the printed image to a flat substrate 
sheet with the aid of a compression cylinder. 
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The screen printing technique is well suited for producing thick films (> 1µm) 
with inks that can have a wide range of viscosities. Generally, however, inks with 
higher viscosities, often called paste rather than ink, are used as the inks are left 
freestanding during the drying process and must not spread out. However, the print 
speed is not as fast as well established roll-to-roll techniques such as gravure and 
offset printing (squeegee speeds can be anything between approximately 30 [61] to 
550 [62] mm s-1, and web speeds of around 1 m-1 [62]), so screen print runs are often 
batch operated. While this is a very versatile technique, the print resolution is limited 
by the thread count of the mesh so the smallest features printable are typically in the 
order of 50 to 100 µm [63]. 
2.3.2 Inkjet printing 
Screen printing is already a well established technique in the printed electronics 
sector but the inkjet process is the target for most current research in printed 
electronic architectures. Inkjet printing is also desirable because it is a mask-less, or 
direct write, printing process; the required image or pattern is directly printed onto 
the substrate without the need for a stencil. This drastically improves the efficiency 
of the print as there is the opportunity to waste very little ink and enhance and 
quicken image/pattern manufacture through computer aided design (CAD).  Ink is 
transferred directly onto the substrate via a print nozzle, or print head, and the print 
head and ink supply are generally combined into a single unit. There are two basic 
variants of this technique: continuous inkjet and drop-on-demand (DOD) inkjet. In 
continuous inkjet systems a constant stream of ink droplets is created where only 
some of the drops are utilised for printing. In contrast, DOD systems only produce 
droplets when they are required. Both of these overarching techniques can be further 
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subdivided into process variants, described in more detail below. Continuous inkjet 
can be split into two subdivisions: binary deflection and multi deflection [58]. 
2.3.2.1 Continuous inkjet 
In binary deflection, the ink drops are given one of two possible electrical charge 
values and this determines their deflection through the nozzle: the drop is either 
deposited on the substrate, or is directed into a gutter and recycled. Pressurised ink 
is ejected from the nozzle with the aid of an oscillating piezoelectric crystal, which 
pushes the ink. The size of the drops produced is dependent on the frequency of the 
oscillation, the diameter of the nozzle, and the viscosity and surface tension of the 
ink. Once out of the nozzle the drops pass through a charging electrode. Here the 
drops are, depending on the image signal, given a specific charge state or remain 
neutral. The jet proceeds past the deflector electrodes, which deflects the charged 
drops into a gutter, while the electrically neutral drops strike the substrate [58]. This 
process is shown in Figure 2.8 below.  
Multi deflection inkjet printing is more complex but has the same basic setup as 
binary deflection printing. In this process, each drop is given its own unique charge 
state so that each drop can independently deflected to the desired position on the 
substrate. This allows the printer to image a short line. The scale of the line can be 
determined by the distance between the tip of the nozzle and the substrate. If this 
distance is increased, the scale of the line increases but the resolution of the printed 
image is decreased. Either the nozzle or the substrate may be moved in a lateral 
direction to create a two dimensional (2D) print image. The resolution in the lateral 
axis is decided by the velocity of the nozzle or substrate and the rate of ink drop 
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production. Alternatively, 2D deflection jets may be used so 2D images may be 
printed while the nozzle/substrate is stationary [58]. 
2.3.2.2 Drop-on-demand inkjet 
The classification of DOD systems is based on how the ink drops are created. Ink 
drops may be created via any one of three routes: the thermal inkjet, the piezo inkjet 
and the electrostatic inkjet. 
Thermal inkjet, see Figure 2.9, is the most widely used DOD system, being 
commonplace in most consumer desktop inkjet printers due to the ease of 
implementation and relative cost [58]. As the name suggests, a change in the ink 
temperature within the print nozzle is responsible for the production of the drop. 
Within the nozzle cavity there is a heating element which, upon receiving the 
electrical image signal, is momentarily activated. The element rapidly heats the ink 
 
Figure 2.8. Inkjet printing: a diagram of a binary deflection continuous inkjet nozzle. The image signal to 
the charging plate gives drops one of two electrical states, either charged or neutral. The charged 
droplets are deflected into a gutter to be recycled while the neutral drops are directed towards the 
substrate for printing. 
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within the cavity, causing it to vaporise and form a bubble. The bubble displaces the 
remaining liquid phase ink and forces a drop out of the print nozzle. As the 
temperature drops the bubble collapses. As this occurs, capillary action draws fresh 
ink into the cavity and the drop is fully ejected from the nozzle [64]. This technique is 
also sometimes referred to as bubble jet [58]. Due to the small volume of ink held in 
the cavity, heating and cooling times are very quick and the drop frequency can be as 
high as 8 kHz. The drop diameter is of the order of around 35 µm [58]. Thermal inkjet 
printers tend to suffer from a build up of ink residue within the cavity from 
successive heating and cooling cycles. Practically this issue can be resolved simply by 
constructing the cavities within a disposable ink cartridge.  
The piezo inkjet technique uses mechanical displacement of the cavity walls, 
through the action of a piezoelectric ceramic material, to produce ink drops [64]. There 
are two types of displacement modes used: extension or shear mode. The former 
changes the volume of the cavity whereas the latter changes the cavity geometry and 
is more widely used [64]. When the cavity receives the image signal, the piezoelectric 
 
Figure 2.9. Inkjet printing: a series of schematic diagrams showing the production of an ink drop in a thermal 
DOD inkjet printer. (a) ink floods the nozzle cavity; (b) the image signal turns on the heating element which 
vaporises some of the ink, creating a bubble; (c) the bubble expands and begins to push liquid ink out of the 
nozzle; (d) the heating element cools and the bubble begins to collapse, ceasing to add liquid to the forming 
drop; (e) break-off occurs and the drop is ejected from the nozzle; (f) The cavity refills with fresh ink. 
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ceramic material responds by shearing the cavity, changing its shape and creating a 
pressure pulse. It is this pressure pulse that ejects the drop from the nozzle. This 
process is shown in Figure 2.10, below [58]. Piezo inkjet printers can produce drops at 
higher frequency than thermal inkjet printers and are able to use a wider variety of 
ink formulations, including hot melt inks which must be heated before being injected 
into the nozzle cavity [58]. Inks used in thermal inkjet must be made with a volatile 
component to allow the rapid vaporisation and bubble formation necessary for the 
creation of the ink drops. Piezo inkjet printers are, however, considerably more 
expensive due to the inclusion of piezoelectric ceramics and have previously been 
reserved for commercial and industrial applications [58], with the exception of Epson 
which uses piezoelectric print-heads on all of its products. 
The final technique is electrostatic inkjet. This is a DOD variant that relies on 
the creation of an electrostatic field formed between the nozzle head and the 
substrate, modulated by the image signal [58]. Electrostatic inkjet is an umbrella term, 
and encompasses three further subdivisions: electrostatic inkjet 
 
Figure 2.10. Inkjet printing: a series of schematic diagrams showing the production of an ink drop from a 
piezo inkjet system in shear mode; (a) ink fills the cavity; (b) the image signal is sent to electrodes on the 
piezoelectric (PZ) ceramic cavity wall. This deforms the ceramic, changing the shape of the cavity, and 
creates a meniscus at the nozzle; (c) the image signal ends and the PZ ceramic cavity wall returns to its 
original shape. Ink is pushed out of the nozzle by the resulting pressure pulse; (d) an ink drop is formed, 
and fresh ink refills the cavity. 
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by the Taylor effect, electrostatic inkjet with thermal effect control and electrostatic 
ink mist jet.  
Electrostatic inkjet by the Taylor effect utilises an electrostatic field between the 
nozzle and the substrate. The force on the ink, which acts to draw it out of the nozzle, 
is in balance with the surface tension and viscosity of the ink in its rest state. The 
electrostatic field is modulated by the image signal in the form of a voltage pulse and 
this modulation momentarily increases the force on ink, forming a Taylor cone. From 
this cone a filament of ink may be drawn onto the substrate, forming a printed drop. 
The volume of the drop is determined by the duration of the image signal [65]. The 
benefit of this technique is that the filaments, and resultant ink drop diameters, are 
far smaller than the nozzle diameter, relaxing an otherwise important design 
constraint. In fact, there need be no complicated nozzle/cavity structure, simply a 
hole from which to draw the ink [58] [66]. 
Electrostatic inkjet with thermal effect control is a combination of the above 
method and the thermal inkjet technique. Here, a ring shaped heating element at the 
edge of the nozzle, controlled by image signal current pulses, is used to change the 
viscosity and thus the surface tension of the ink. A filament and subsequent ink drop 
is drawn via the electrostatic force between the nozzle and substrate [58]. 
Electrostatic Ink Mist Jet uses ultrasonic waves, focussed at the nozzle aperture, 
to produce a mist of very fine ink droplets which are directed to the substrate by an 
electrostatic field. A single printed pixel comprises a multitude of ink droplets. 
In general, inkjets allow a more rapid progression from image/pattern design 
to printing as there is no time needed to create a stencil or master mask. The print 
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speed is, however, a limiting factor unless multiple print heads are used, with 
hundreds of nozzles per printing head. One drawback is that the nozzles do tend to 
become clogged over time, either from the drying of residual ink within the nozzle or 
from aggregation blockages from the use of nanoparticle suspensions [67] [68]. Either 
way, nozzle failures are critical in printed electronics where unbroken, uniform 
printed layers are often required. This can be combated by frequently cleaning the 
nozzles, either with water or specialised solvents or through the use of disposable 
print heads.  
Another problem is how the ink dries on the substrate. If the ink is slow to dry 
then the printed ink drop undergoes the coffee ring, or coffee drop, effect [17]. This is a 
natural phenomenon that occurs when a drop, containing suspended particles of a 
solid, evaporates. As the drop dries, rings of deposited solid particles form on the 
substrate resembling a coffee ring stain. How the rings form is related to the speed of 
evaporation, the movement of the suspended particles and internal flows of fluid 
during evaporation [69] [70]. This effect is widely studied as it is completely undesirable 
not only in graphic arts but more critically in printed electronics applications, where 
uniform printed layers are necessary for many device structures.  
A further contentious issue is that of satellite drops [71] [72]. During the ejection 
of a drop from the nozzle of an inkjet printer, the ink is forced into a thin, pole-like 
shape called a ligament. The drop forms from this ligament due to surface tension but 
smaller drops may form behind it as the ligament collapses. These satellite drops, far 
smaller than the primary drop, result in a decrease in printing precision and 
accuracy.  
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2.3.3 Gravure printing 
Screen printing and inkjet printing can be readily adapted to batch production scale 
manufacturing and into a roll-to-roll production line for longer manufacturing runs. 
Both of these printing techniques, however, suffer from limited printing speed. As 
printed electronics become ubiquitous in both commercial and consumer technology, 
printed devices will need to be produced in greater numbers and at far increased 
speeds.  
A printing technique, best suited for long and very large scale production runs, 
now being studied and applied for printed electronics applications is gravure 
printing [73] [74]. In this technique, illustrated schematically in figure 2.11, the 
substrate is fed in between two rollers: the compression roller and the gravure 
cylinder. It is the gravure cylinder that carries the image and transfers it to the 
substrate. This cylinder is constructed from steel, with a copper surface coating, 
deposited by electroplating. The image or pattern to be printed is chemically 
 
Figure 2.11. A schematic illustration of the gravure printing method. 
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etched or mechanically engraved (using a diamond scribe) onto the copper, with the 
image comprising gravure cells. The gravure cells in the surface of the copper act as 
wells which hold the ink to be deposited on the substrate as pixels, and the size and 
shape of the gravure cells determines how much ink is printed onto the substrate [75] 
[76]. Printing speeds of up to several metres per second are easily attainable using this 
technique but the high cost of producing the gravure cylinder creates a financial 
constraint, limiting its use to only very large print runs.  
2.4 Summary 
Printed electronics are now an established area of technology with printed 
components, such as resistors and capacitors, already common in many devices in 
the form of PCBs. Research is now gearing towards creating more complex printed 
structures such as transistors, solar cells and touch sensors. Conducting composite 
materials, important for printed cermet, and carbon resistors are now being 
recognised as being ideal for use in sensor applications, in particular vapour and 
touch pressure sensing.  
While early printed composite touch sensors have needed additional 
structuring and patterning of bumps/posts to enable the touch location sensing 
characteristic, a single layer of intrinsically touch sensitive composite ink which may 
be directly printed over device electronics is desired. Such a material is described 
and studied in this research. Screen printing remains the most widely spread form of 
printing used in the printed electronics industry due to its ease of use and its 
flexibility with regards to ink’s physical properties, such as viscosity. Inkjet printing, 
however, is the target of most current research in printable electronic technologies. 
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3. Physical principles and mechanisms for 
electrical transport in composites 
3.1 Introduction 
This chapter presents the background physical knowledge relevant to a study of 
electrically conducting behaviour of composites and how this is linked to their 
physical structure. The chapter begins by first considering the physical behaviour of 
typical conducting composite systems; this will identify the main topics that need to 
be considered in the context of composite behaviour. Next, percolation theory and 
effective medium theory will be discussed as these theories underpin the 
understanding of conduction in composite materials. The chapter will then progress 
to cover electrical conduction in conductors, semi-conductors and insulators, before 
delving into quantum tunnelling, field emission and thermionic emission. A brief 
summary of core concepts will bring this chapter to a close. 
3.2 Physical characteristics and behaviour of 
typical composite materials 
A typical conducting composite comprises electrically conducting filler particles 
dispersed in an electrically insulating matrix material. This class of material has been 
a focus of academic and industrial research for over half a century [77]. A wide variety 
of conducting filler materials have been used for the manufacture of conducting 
composites; these range from simple metal powders, such as nickel [78] and silver, [79] 
to carbon black (a paracrystalline, or semi-amorphous, form of carbon which is 
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produced as a high surface-area-to-volume ratio powder) [80], and to more recent 
nano-materials such as carbon nanotubes [81] and graphene [82]. The size and 
geometry of the filler particles can be tailored; particles can range in size from tens of 
nanometres to tens of micrometres [83] and can be either amorphous or a more 
ordered polyhedral [84], for example spherical or high aspect ratio acicular [85] and 
flake shaped [86]. The choice of insulating matrix material depends on the desired 
application: conducting composites have been fashioned with insulating matrices 
made from rigid bulk materials such as cement [87], more flexible polymeric materials 
including polyethylene [88], polyethylene terephthalate [89] and epoxy resins [90], and 
more recently, printable insulating solutions [91]. 
Conducting composites have an electrical conductivity that is highly dependent 
on the fraction of conducting filler particle material used in their manufacture. 
Increasing the filler volume fraction up to a critical concentration, called the 
percolation threshold, causes a dramatic onset of direct connections between filler 
particles creating electrically conducting pathways through the body of the 
composite.  Classically the critical volume fraction has been approximated to be circa 
16 % in 3D composite systems and about 45% in 2D composite systems [92] [93], in the 
case of spherical filler particles. Many composite systems using small (micro- and 
nano-scale filler particles), however, exhibit critical volume fractions below this 
theoretical limit and this effect can be linked to the filler particle size [94]. The inter-
particle distance tends to decrease as the diameter of the filler particle is reduced, so 
the percolation threshold becomes dependent on the particle size in composites 
made with small filler particles [94]. This dependence has been described using 
percolation and effective medium theories, explained in the following section 3.3. 
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As well as being dependent on the filler fraction, conducting composite 
electrical conductivity can be sensitive to applied compressive force. Applied force 
pushes the filler particles together, simulating the effect of increasing the filler 
fraction and leading to the creation of conducting pathways through the composite, 
as depicted in figure 3.1. The mechanisms by which charge is transported through 
composite materials is of great interest and research has shown that composite 
materials conductivity can be complex, involving percolative conduction as well as 
quantum tunnelling conduction and hopping mechanisms, which are explained 
further on in this chapter. Additionally, the electrical transport behaviour may 
involve charge trapping and space charge limited currents (SCLC) within the 
insulating matrix. These are described in more detail in sections 3.4 and 3.5. When a 
composite system with a conducting filler particle volume fraction close to the 
percolation threshold is compressed it can switch from an insulating to a conducting 
state; the conduction mechanisms responsible for electrical transport through the 
composite can vary during this transition, and this is the focus of this study. 
 
 
Figure 3.1. A composite system in (a) an uncompressed state. Solid circles represent the conducting filler 
particles; (b) under compression. 
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3.3 Percolation theory and effective medium 
theory 
3.3.1 Percolation theory 
Percolation theory was first developed by Broadbent and Hammersley in 1957 [95]. 
The original work was intended to describe how water flows through a porous 
material: the material was envisaged as a three dimensional (3D) array of randomly 
dispersed independent points. These points represent solid areas of the material, 
where water cannot flow. Connections between the points represent holes or 
channels in the material and it is through these channels that water may flow. In 
essence, the water would flow along the connections and around the points. A 
probability, p, is assigned to the existence of a connection and therefore the 
probability of there being no connection between any two points is 1-p. 
In the case of composite materials, this model is applicable in describing the 
flow of charge along electrically conducting pathways through an otherwise 
insulating medium by making the analogy that the electrically insulating bulk of the 
composite is the porous material (the points of the array), the direct electrical 
connections between filler particles are the akin to holes in the porous material and 
that the electrical charge is equivalent to the flow of water through the porous 
material. With this model, the electrical conductivity, σ, of a composite can be 
described as a function of the volume fraction of conducting filler particles in the 
relation [96]: 
       
 
 
 
 (3.1) 
 38 
 
where φ is the volume fraction of conducting filler particles, φC is the volume 
fraction of the percolation threshold and t is an exponent which has a value between 
1 and 6.27 for 3D systems and varies depending on what type of percolation model is 
used [97]. 
Initial increases in the filler volume fraction do not significantly increase the 
electrical conductivity of the composite until the percolation threshold is reached. 
Conducting pathways form through the body of the composite material when the 
filler volume fraction equals that of the percolation threshold. A dramatic rise in the 
electrical conductivity occurs as the filler volume fraction is increased above the 
percolation threshold and more conducting pathways form through the composite. A 
physical representation of percolation is shown in figure 3.2, while the generalised 
behaviour of the electrical conductivity as a function of filler volume fraction is 
shown in figure 3.3. The percolation model is limited in that it realistically 
 
Figure 3.2. A composite system with (a) a low conducting filler content fraction; (b) a filler content 
fraction equal to the percolation threshold; (c) a filler content fraction larger than the percolation 
threshold. 
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describes the conductivity only above the percolation threshold and it does not 
describe the ohmic behaviour of conductivity below the percolation threshold. Nor is 
it capable of describing how the conductivity tends to a maximum value at high filler 
volume fractions. The model typically describes the transition from electrically 
insulating to a conducting state as very sharp, as only small changes in the filler 
volume fraction can lead to a dramatic change in the electrical conductivity. In real 
composite systems this is not always the case [98]. Particle geometry or alignment is 
not considered as the model is only concerned with whether or not a connection 
exists between points in the composite. A final but crucial limitation is that 
percolation theory is phenomenological, so it does not provide insight into the 
physical processes responsible for charge transport in the composite system.  
  
 
Figure 3.3. The general behaviour of composite electrical conductivity (solid curve) as a function of 
conductive filler volume fraction: (a) the composite has a conductivity close to that of the bulk insulating 
matrix material; (b) the percolation threshold. In this example the percolation threshold is at the volume 
fraction 0.2, signified by the dashed red line; (c) The maximum conductivity is reached. Percolation 
theory cannot predict regions (a) and (c). 
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3.3.2 Effective medium theory 
Effective medium theory (EMT) [99] [100] is built upon identical fundamental principles 
as for percolation theory. Here, a conducting composite system is modelled as a 3D 
array of randomly distributed independent points. In percolation theory, the points 
represented the insulating bulk material of the composite but in EMT, they are 
representative of the conductive filler particles. Each independent point is given an 
electrical resistance between each of its nearest neighbouring points. An average 
resistance value is then calculated from these and assigned to each of the connections 
between the points.  This process creates a single effective medium that is symmetric, 
homogeneous and retains the macroscopic properties of the percolation model [101], 
i.e., it exhibits the same generalised conduction behaviour. EMT, by averaging the 
material properties, provides a more accurate approximation of the conductivity at 
φC by removing the very sharp transition from insulating to a conducting state which 
is a typical feature of percolation theory [97]. 
General Effective Medium theory (GMT), developed by McLachlan [102], adds 
further detail by taking into account the conductivity contribution from the 
conducting filler particle shape, size and orientation. Figure 3.4 compares the 
percolation theory and GMT model curves. The GMT relation is given below [103]: 
 
    
 
     
 
   
  
 
      
 
  
 
    
 
     
 
   
  
 
      
 
  
   (3.2)  
where σl and σh are the electrical conductivities of the low and high 
conductivity components (the insulating material and conducting filler particles, 
respectively) of the composite; σm is the average electrical conductivity of the 
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effective medium; f and ψ are volume fractions of the low and high conductivity 
components; t is an exponent; A is a ratio of the low conductivity component critical 
volume fraction and the high conductivity component critical volume fraction, or fc 
/Ψc. The exponent, t, is defined by the following relations for orientated and 
randomly orientated particles: 
    
         
  Orientated ellipsoids (3.3) 
   
       
       
  Random ellipsoids  (3.4) 
where Lf, Lψ, mf, and mψ are phenomenological constants of the low and high 
conductivity components. The value of these constants is dependent on the shape of 
the particles. For example, t = 1/3 for spherical filler particles. 
 
Figure 3.4. An illustrative comparison of the predictions of electrical conductivity from percolation theory 
(green solid line) and effective medium theory (blue dashed line). The percolation threshold in this 
example is at 0.6 volume fraction. 
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The ratio A is defined as follows: 
   
    
 
 
 
 
  
  
      
  (3.5) 
where ψC and fC are the critical volume fractions for the high conductivity and 
low conductivity components respectively. These critical volume fractions can in turn 
be related to the orientation and shape of the low and high conductivity components 
as a function of the phenomenological constants introduced above: 
  
 
 
  
         
   (3.6) 
  
 
 
  
       
    (3.7) 
While providing a better description of percolative behaviour, GMT is still 
limited as a phenomenological model. 
3.4 Electrical conduction in metals, 
semiconductors, and insulators 
It is important to reflect on electrical conduction in metals, semiconductors and 
insulators when considering conduction behaviour in composite materials as the 
former two are often used as conducting filler material, whereas the bulk matrix of a 
composite is usually an insulator. These considerations allow a quantitative model of 
electrical conduction in composite materials to be constructed. Electrical 
conductivity is defined as a measure of a material’s ability to pass an electric current, 
and is the reciprocal of electrical resistivity (a measure of a material’s tendency to 
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oppose the flow of an electric current with the S.I unit ohm metres, Ωm). It has S.I 
units of siemens per metre (Sm-1). When an electric field exists within a material an 
electric current will flow. A material’s resistivity is the ratio of the electric field 
magnitude, E (Vm-1), and the subsequent current density, J (Am-2): 
       (3.8) 
The conductivity is the reciprocal of this expression. In the case of a uniform 
material, with constant cross-sectional area, the resistivity relates to the resistance 
and dimension l; 
        (3.9) 
where R is the electrical resistance, A is the cross-sectional area and l is the 
length of the material. 
Conductivity in metals, semiconductors and insulators, or the lack thereof, may 
be explained with band theory. Whilst in classical physics particles may take on any 
arbitrary energy value, in quantum mechanics energy is quantised; in an atom there 
are energy levels which electrons can occupy and values which lie in between these 
fixed energy levels are forbidden. An energy band can be understood as a group of 
energy levels closely spaced together, i.e. they have similar energy values. Energy 
bands arise from the nearly free electron model, which is discussed in section 3.4.2. A 
material may contain several energy bands but, when discussing conductivity, two 
specific energy bands are considered: the valence band (VB) and the conduction band 
(CB). Electrons in the CB may move freely as part of an electric current. Metals, 
semiconductors and insulators all have differently filled energy bands and this 
changes their electrical conductivity behaviour. The band structure, and hence the 
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conductivity behaviour of metals, semiconductors, and insulators will be discussed in 
turn. 
3.4.1 Metals 
Metals are well described using the free electron model [104]. A metal is comprised of a 
lattice of atoms which have outer electrons that are able to dissociate from their 
parent atoms and move freely through the lattice structure, known as a positive ionic 
lattice. This “sea” of electrons allows the metal to conduct electricity in the presence 
of an electric field. In the free electron model, it is assumed that the electrons do not 
interact strongly with the ionic lattice, or with each other: essentially they can be 
treated as independent particles.  
The free electrons do not interact with the lattice due to the screening effect, 
which reduces the Coulomb interactions between the electrons and the ions. 
Interactions between the conduction electrons are rare and may be ignored due to 
the Pauli exclusion principle, which states that no two electrons may occupy the 
same quantum state. As such, each orbital may hold 2 electrons, one in a spin-up 
orientation and the other in a spin-down orientation.  
Electrons fill these orbitals according to the Fermi-Dirac distribution, which 
gives the probability that an electron orbital at an energy ϵ will be occupied [104]: 
   ϵ  
 
     ϵ          
 (3.10) 
where kB is the Boltzmann constant, T is the temperature in Kelvin, and µ is the 
Fermi level, or total chemical potential for electrons (this corresponds to the amount 
of energy required to add one more electron to a system, or a theoretical energy level 
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which has a 50% probability of being occupied).  At T = 0, the total chemical potential 
is equal to the Fermi energy. 
Electron wavefunctions may be calculated using the time independent free 
particle Schrödinger equation in three dimensions [104]: 
  
  
  
 
  
   
 
  
   
 
  
   
       ϵ       (3.11) 
where ħ is the reduced Planck constant, m is the electron mass, ψK is the 
wavefunction of the electron, εK is the electron energy, and r is a vector of 
coordinates in space. The solution to this equation is a travelling plane wave: 
  
 
              (3.12) 
 For wavevector components         
   
 
 
where the electrons are confined to a cube of sides L in length. The Fermi 
energy in such a case is: 
 ϵ  
  
  
 
    
 
 
 
  
 (3.13) 
where N is the total number of electrons in the system and V is the volume of 
the system.  
In metallic materials, the Fermi energy lies inside the conduction band, so the 
dissociated outer electrons may contribute freely to an electric current. With 
increasing temperature, the Fermi level increases as thermal electrons are excited to 
higher energy levels. This may be represented using the density of states D(ϵ), in 
equation 3.14 (using eq. 3.13 rearranged for N) and figure 3.5, which shows the 
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density of occupied orbitals per unit energy. In figure 3.5, as the temperature of the 
system is increased, electrons are promoted to higher orbitals and move from region 
a to region b in the figure [104]. 
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 ϵ
 (3.14) 
Electrical resistance in metals is caused by interactions between the electrons 
and lattice imperfections and interactions with phonons. Phonons are quantised 
lattice vibrations which increase with temperature. Generally, a metal will have a 
finite electrical resistance at zero temperature due to imperfections in the crystal 
lattice. As the temperature of the metal is increased thermal phonons are generated 
and these further scatter the conduction electrons. Over the temperature range used 
in this study (room temperature to 150 °C), the temperature dependence of 
 
Figure 3.5. Illustration of how the occupied orbital density varies with energy. The solid line is the density 
of states, the shaded area represents the filled states at zero temperature. The dashed line is the density of 
filled orbitals at a finite temperature. 
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the electrical resistivity of metals can be regarded as linear, following the relation 
given below: 
       
 
            (3.15)  
where α is an empirically calculated constant called the temperature coefficient 
of resistivity (for example, αcopper = 3.9 x 10-3 K-1 αsilver = 3.8 x 10-3 K-1), T is the 
temperature and ρ0 is the electrical resistivity at the reference temperature, T0. As 
the temperature is increased, the resistance of a metal will also increase. 
Over larger temperature ranges, the resistivity of a metal follows the Bloch-
Gruneisen function [105] and Matthiessen’s rule, shown in equation 3.16 [104]: 
 
 
 
 
 
  
 
 
  
   (3.16) 
where µ is the overall electron mobility, and µL and µi are the electron 
mobilities due to phonon and impurity scattering respectively. The rule may be 
extended to accommodate scattering due to lattice imperfections or any other source 
of electron scattering. 
Matthiessen’s rule states that the average mobility of an electron in a metal can 
be a series summation of electron mobility due to various scattering sources, such as 
impurity (lattice defects from impurity atoms) and phonon scattering. The different 
scattering mechanisms, if simultaneously present in a metal, may each be described 
using the Bloch-Gruneissen function and then added in series to calculate the actual 
resistivity. 
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3.4.2 Semiconductors 
Semiconducting materials require a more detailed model because of the importance 
of band structure to their electrical behaviour. In semiconducting materials the Fermi 
energy is found in between the valence band and the conduction band, in an 
aforementioned energy gap. In the nearly free electron model, the band electrons are 
treated as being weakly perturbed by the positive ionic lattice [104] [106]. The energy 
gaps originate because of Bragg reflection. Bragg’s Law gives the angles for coherent 
and incoherent scattering within a lattice, and is shown below [107]. 
           (3.17) 
where d is the interplanar distance (the size of the gap between lattice planes), 
θ is the scattering angle, n is an integer and λ is the wavelength. Figure 3.6 shows a 
plot of energy against wavevector k for nearly free electrons in a lattice with lattice 
vector a. An energy gap exists at k = +/- π/a. The Bragg condition for diffraction is 
defined as (k + G)2= k2 and, in one dimension, becomes: 
    
 
 
        (3.18) 
The region in reciprocal space between k = π/a and k = - π/a is known as the 
first Brillouin zone. Energy gaps occur at other values of n in equation 3.18. At the 
edges of the Brillouin zone, the electron wavefunctions comprise of equal parts 
moving to the left and to the right, that is, they are standing waves. These standing 
waves have different energies and so an energy gap of width Eg exists if the standing 
waves differ in energy by Eg [104]. The filling of orbitals in semiconductors is shown in 
figure 3.7. While the Fermi level is often in the forbidden energy gap, the VB and CB 
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of semiconductors are close enough together for electrons to thermally populate the 
CB, leaving positive “holes” in the VB. At zero temperature, intrinsic (un-doped) 
semiconductors are perfect insulators but, as the temperature increases, electrons 
are thermally excited into the CB (the Fermi level rises), increasing the conductivity 
of the semiconductor. The temperature dependence of electrical resistivity for 
intrinsic semiconductors can be expressed in the relation on the following page [108]. 
 
 
Figure 3.7. A schematic illustration of the filling of energy bands in semiconductors at zero and finite 
temperature. 
 
Figure 3.6. A schematic diagram of the first Brillouin Zone showing the first and second energy bands, 
separated by the energy gap (the shaded region). The vertical dashed lines indicate the edges of the 
Brillouin zone. 
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         (3.19) 
where ρ0 is the extrapolated initial, intrinsic resistivity, α is a constant 
equivalent to Eg/2kB (where Eg is the energy required to promote charge carriers to 
the conduction band and is equal to the energy gap if no impurity states are present, 
and kB is the Boltzmann constant), and T is the temperature. 
 Extrinsic (doped) semiconductors have an electrical conductivity with a more 
complicated temperature dependence. With temperature increasing from 0 K, the 
electrical resistance will initially drop as majority charge carriers are released from 
either the donors or acceptors. Further increases in temperature will cause the 
resistance to then increase, due to the mobility of the carriers decreasing, as would 
happen in a metallic material, before the thermal charge carriers overcome the 
dopant charge carrier population and the semiconductor behaves as though it were 
intrinsic. The higher the dopant concentration, the lower the electrical resistance and 
the more these temperature dependent effects will be seen [109]. 
In non-crystalline semiconducting materials, charge may move via a quantum 
tunnelling effect between localised sites, termed variable-range hopping. This is 
explained further in the next subsection. 
3.4.3 Insulators 
Like semiconductors the Fermi energy or Fermi level, in electrically insulating 
materials, lies in a forbidden energy gap. The difference between semiconductors and 
insulators is that while the conduction band in a semiconductor can be easily 
populated with thermally excited charge carriers, allowing electrical current to flow, 
the valence band and conduction band of insulators are typically too far away from 
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the Fermi level for this to happen. That said, charge may be injected into insulating 
materials much in the way charge is injected into a vacuum from a metal object by 
thermionic emission. The emitted charge forms a cloud, or space, within the material 
hence the name space charge limited current. In solids, space charge limited current 
occurs only when the injected carrier density overcomes the thermal-free carriers 
(which is a small number in insulating materials). When this occurs, the current 
follows what is known as Child’s law, which states that the current between two 
plane parallel electrodes varies as a power of anode voltage. This relation holds for 
insulators with no charge traps or scattering [110]: 
       
  
 
  
  
 (3.20) 
where J is the current density, S is the anode area, α is a constant, V is the anode 
voltage and d is the separation between the cathode and anode. In the case of strong 
scattering of charge carriers the Mott-Gurney square law is applicable [111] [112]: 
   
 
 
   
  
  
  (3.21) 
where ε is the dielectric constant of the insulating material, µ is the carrier 
mobility (indicating how quickly a charge carrier moves through a material under an 
electric field; the ratio of drift velocity to electric field), and L is the length of the 
plane parallel sample. Trapping sites may exist in the forbidden energy gap, which 
can be described as shallow traps or deep traps. Shallow traps are close to the 
conduction band above the Fermi level whereas deep traps are closer to the valence 
band below the Fermi level. The voltage dependence of the current in insulating 
materials is illustrated in figure 3.8. Traps are created by chemical impurities and 
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physical deformations within the insulating structure. Chemical impurity traps 
operate by having a different electron (or hole) affinity to the surrounding atoms of 
the insulator. When the electron affinity is greater than that of the surrounding 
lattice, a trap for electrons is created. The “depth” of the trap is dependent on the 
difference in affinities. Physical deformations act to modify the energy levels of the 
insulator, creating empty energy states within the energy gap, which may become 
filled and trap charge. Initially, charge injected into an insulator will obey Ohm’s law, 
but charge will begin to fall into traps as the current increases.  
Current behaviour in an insulating material with shallow traps is very similar to 
the case of trap-free insulators. In the case of deep traps, however, a significant 
number of charge carriers fill the trap site and do not contribute further to the 
electrical current. When the trap site becomes filled, a discontinuous rise in the 
current is observed before the current increases according to Child’s law [111] [113]. 
 
Figure 3.8. The space charge limited current (SCLC) observed in an insulator may exhibit up to four 
characteristics, all shown here: (a) ohmic behaviour seen at low current and voltage; (b) shallow trap 
behaviour; (c) deep traps become full and no longer inhibit current flow; (d) trap-free behaviour following 
either Child’s Law or the Mott-Gurney square law.  
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This pattern of behaviour can be observed multiple times as traps can exist at higher 
voltages. 
Charge may exit traps either through thermal excitation or with the assistance 
of an external electric field. Given enough thermal energy, trapped charge may gain 
enough kinetic energy to exit a trap and contribute to electrical conduction in a 
material. In a process known as Variable Range Hopping [114], trapped charges absorb 
phonons and use the acquired energy to “hop” from one localised site to another. 
Charge will attempt to move to another site of similar energy, no matter the distance 
to that site, hence the “variable range” term. The ability of charge to hop into higher 
energy trap sites is largely dependent on the amount of energy acquired from the 
absorbed phonon. This thermally activated mechanism is important in both 
semiconducting and insulating materials, and is illustrated in figure 3.9 [101]. 
Alternatively, an electric field may modify or even destroy a trap in what is 
known as the Poole-Frenkel Effect [115]. Here, an electric field lowers the trapping 
potential in one dimension, allowing trapped charge to either flow out of the trap 
 
Figure 3.9. A schematic illustration of the variable range hopping mechanism.  
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or tunnel through the potential barrier and escape the trap, see figure 3.10 [101]. This 
modification of the trapping potential is analogous to the Schottky effect, which is 
explained in greater detail in the following section.  
3.5 Thermionic emission 
Thermionic emission is the process by which charge may be emitted from a surface, 
or escape a potential barrier, using acquired thermal energy. The minimum energy 
required to escape the surface of a material is called the work function, denoted as φ.  
In a material, such as a metal, the conduction electrons will be distributed in 
energy levels up to the Fermi energy, Ef. Therefore, the energy required to escape the 
surface of the metal is Ef + φ. If the temperature of the metal is increased above 
absolute zero, electrons may acquire thermal energy and use this energy to overcome 
the potential barrier, or work function, and escape the surface of the metal: 
thermionic emission. Richardson calculated that thermionic emission current density 
 
 
Figure 3.10. A schematic illustration of (a) a trap site, with no external field present, containing trapped 
charge; (b) a trap site in the presence of an external electric field: the Poole-Frenkel Effect. 
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is dependent on the square of temperature, and the relation is as follows [116] [101]: 
               
     
  
   
   (3.22) 
where A0 (A m-2 K-2) is a universal constant, σ is the reflection coefficient 
(number of electrons reflected at the conductor/insulator interface, taking a value 
between 0, full transmission and 1, full reflection), kB (eV K-1) is the Boltzmann 
constant, φ (eV) is the workfunction of the conductor, and T (K) is the temperature. 
The relation for thermionic emission is modified by two phenomena: the image 
potential and the Schottky effect. These are discussed in turn. 
3.5.1 Image potential 
When a point charge leaves a conducting surface, it experiences an electrostatic force 
with that surface that may be modelled by replacing the surface with a mirror point 
charge an equal distance from the surface in the opposite direction [117]. This setup is 
shown schematically in figure 3.11. The attractive force experienced by the charge 
may be calculated using: 
   
  
   
 
     
 (3.23) 
where x is the distance separating the charges from the surface and e is the 
charge of an electron. Integrating equation 3.23 from zero to infinity gives the 
potential of the point charge. 
       
  
     
 (3.24) 
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To escape the surface, the charge must overcome both the work function and 
the image potential.  
3.5.2 Schottky effect 
An external electric field, given in 3.24, can have a significant effect on a potential 
barrier and, consequently, on the conduction mechanisms associated with it. 
           (3.25) 
The external electric field acts to lower the potential barrier, rounding its edges and 
causing it to slope, as shown in figure 3.12 [101]. In extreme situations, a very large 
electric field will triangulate the potential barrier, which is the basis for field assisted 
tunnelling; this is explained further in the following subsection. This lowering of the 
potential barrier is known as the Schottky effect [118] [119]. It is deliberately utilised in 
electron emitting devices, such as field emission tips in scanning electron 
microscopes, to help facilitate the generation of intense electron beams. The 
combined diminutive effect of the image potential and Schottky effect on the 
potential barrier may be found by summing the two, and then differentiating (and 
 
Figure 3.11. A schematic illustration of the theory of mirrored charge.  
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setting equal to zero) to find a maximum barrier reduction quantity, VMAX. 
       
  
      
     (3.26) 
         
  
    
 
 
  
 (3.27) 
The lowering of the work function increases the efficacy of thermionic 
emission, leading to the following current density relation: 
               
     
       
   
  (3.28) 
This equation is applicable in situations where the electric field is below 
approximately 108 Vm-1 in strength. Above this field strength, field emission 
contributes more and more greatly to the emission current, eventually becoming the 
dominant mechanism at very high field strengths.  
 
Figure 3.12. An illustration of the effect of the image potential and the Schottky effect on a potential 
energy barrier. 
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3.6 Quantum tunnelling and field emission 
3.6.1 Quantum tunnelling in one dimension 
Quantum tunnelling is a quantum mechanical phenomenon. It describes how a 
particle may pass, or “tunnel”, through an energy barrier that it would otherwise not 
be able to according to classical physics. Understanding how particles are able to 
accomplish this feat can be accomplished by considering the particles as behaving as 
waves with a wavefunction described by the Schrödinger equation. A simple 
illustrative example is that of a particle tunnelling through a one dimensional (1D) 
barrier. Figure 3.13 shows such a scenario. The wavefunction of the free particle may 
be found as the solution to the time independent Schrödinger equation, given below 
in equation 3.28 [107]: 
  
 
  
      
   
                (3.29) 
where ψ(x) is the particle’s wavefunction, a complex number defined as the 
 
Figure 3.13. Schematic illustration of an electron tunnelling through a rectangular potential barrier of 
height V0 and width b.  
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probability amplitude of the particles position; E is the energy of the particle; m is the 
particle mass; ħ is the reduced Planck constant (h/2π).  
In classical physics, the particle position in figure 3.13 would be fully bound by 
the barrier at x = 0. In quantum mechanics, however, there is a finite probability that 
the particle will be able to pass through the barrier, (region 2 in figure 3.13) hence 
the term “tunnelling”. In practice, some of the incoming wave tunnels through the 
barrier, while some is reflected back to the left in region 1. The wave would then 
propagate as normal in region 3. Solutions to equation 3.28 may be derived for the 
three regions signified in figure 3.13 [120]. 
  
 
                 (3.30) 
  
 
               (3.31) 
  
 
                 (3.32) 
where   
     
   
   
          
 
   
 V0 is the barrier height, and Ex is the energy of the free electron wave. 
In a barrier of finite width, the wavefunction inside the barrier (section 2 of 
figure 3.13) contains exponential terms that both increase and decrease with 
increasing distance, due to the fact that there may be electrons transmitted or 
reflected at both sides of the barrier. To simplify this scenario, however, one can 
assume there will be no reflections from the interface between region 2 and region 3 
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(right side barrier/conductor interface), and the coefficient C will be equal to zero. 
Similarly, G is equal to zero as only transmitted electron waves, travelling to the right, 
exist on this side of the barrier. 
A transmission coefficient, τ, which is the probability of the particle passing 
through the barrier, may then be calculated from these solutions by imposing 
wavefunction matching boundary conditions at the start and end of the barrier. This 
process results in the following definition [101] [120]: 
  
    
    
  
               
        
    
  
  
    
  
  
          (3.33) 
where b is the barrier width. 
As the barrier width increases, exp(-2µb) tends to 0, meaning that quantum 
tunnelling is only observed over very short distances: the thinner the barrier, the 
more quantum tunnelling current there is. 
3.6.2 Field-assisted quantum tunnelling 
The presence of an electric field has a distinct effect on the transmission coefficient. 
In what is known as field assisted quantum tunnelling, as mentioned earlier, an 
external electric field distorts the potential barrier into a rounded triangular shape, 
as depicted in figure 3.14. This is the aforementioned Schottky Effect. The distortion 
acts to effectively narrow the barrier and this leads to particles being able to tunnel 
more efficiently, as stated by the quantum tunnelling transmission coefficient in 
section 3.6.1. There are several types of field assisted tunnelling and these are 
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summarised below and in figure 3.14 [121]. The type of field emission present across a 
tunnelling barrier is dependent on the strength of the external applied electric field 
strength. 
In the low electric field limit the bias field is lower than the height of the tunnel 
barrier. In this case, charge may tunnel through the barrier via two routes: direct 
tunnelling, or ionization of impurity states. Direct tunnelling is the normal mode of 
tunnelling as described above, labelled (1) in figure 3.14(a). Charge tunnels from one 
conductor through the insulating barrier to the conductor on the other side. Field 
ionisation of impurity states, labelled (2) in figure 3.14(a), involves the movement of 
charge from the conduction band of the insulating material into the barrier before 
 
Figure 3.14. A schematic illustration of field assisted quantum tunnelling mechanisms in (a) the low field 
limit: (1) direct tunnelling, and (2) the ionization of impurity states, and (b) the high field limit: (3) Zener 
tunnelling, (4) intra-impurity tunnelling, (5) electron tunnelling, and (6) hole tunnelling.  
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moving to the conductor on the other side of the barrier. This process may also occur 
at high bias. 
In the high electric field limit tunnelling may occur via Zener tunnelling (3), 
intra-impurity tunnelling (4), electron injection (5), or hole injection (6). These are 
shown schematically in figure 3.14 (b). In Zener tunnelling, charge tunnels from the 
valence band of the insulating material to the conductor, while in intra-impurity 
tunnelling, charge tunnels through multiple impurity states in the barrier to the 
conductor. Electron and hole injection are both analogous to a process known as 
Fowler-Nordheim (FN) tunnelling [121] [122]. This special form of tunnelling is ascribed 
to the movement of charge through exact and/or rounded triangular potential 
barriers at metal/vacuum interfaces under very high bias.  
Current through a triangulated barrier may be calculated using the Wentzel-
Kramers-Brillouin (WKB) approximation, giving the following result: 
          
 
 
 
  
  
 
 
  
 
       
 
  
  
    (3.34) 
In the case of FN tunnelling, charge tunnels and flows in the CB of the insulating 
material making up the barrier so the above current density relation must be 
modified, taking Child’s law into account; current flow in the CB of the insulator adds 
a quadratic dependence of the electric field. The relation becomes [101]: 
   
   
 
 
     
 
 
 
  
  
 
 
  
 
       
 
  
  
    (3.35) 
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Internal field emission follows a distinct temperature dependence, as calculated 
by Murphy and Good [123]. The temperature dependence takes the form of a pre-
exponential coefficient, highlighted in the box: 
   
   
 
 
 
   
      
      
 
 
 
  
  
 
 
  
 
       
 
  
  
    (3.36) 
where   is a constant which includes numerous factors such as the work 
function. This temperature dependence is of particular importance to this thesis, 
which utilises electrical transport measurements at various compressive loadings 
and temperatures to investigate and describe the electrical behaviour of 
nanocomposite ink. 
3.7 Summary 
The electrical behaviour of conducting composites may be described by percolation 
theory and effective medium theory, which detail how changes in the conducting 
filler content affect variation of the electrical conductivity of a composite system. 
These models are phenomenological, however, and do not provide much insight into 
the conduction mechanisms responsible for the electrical behaviour. 
If composites are tailored to have a conductive filler particle content close to 
the percolation threshold, they may become highly sensitive to compressive force 
and changes in temperature; applied force may compress the composite into a 
conducting state by pushing conductive particles into direct contact or altering 
barrier widths at quantum tunnelling junctions, while temperature may cause the 
composite material to expand (reducing conductivity by expanding and breaking 
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percolation networks) and may change the number of intrinsic charge carriers 
through thermal activation.  
Charge carriers may be transported through electrically conducting, 
semiconducting, or insulating materials in a composite, therefore a detailed 
understanding of charge transport in these types of materials is required before 
beginning to unravel electrical transport phenomena in composite systems. The 
nature by which the conductivity of field-assisted quantum tunnelling junctions and 
semiconducting materials increase with temperature is of particular importance to 
this specific study. 
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4. Experimental techniques: background and 
methodologies 
4.1 Introduction 
This chapter details the relevant theory and techniques utilised in the production of 
the ink samples and their structural analysis with scanning electron microscopy and 
focussed ion beam milling, and temperature dependent electrical transport 
measurements. The chapter also describes the chemical analysis, using energy 
dispersive x-ray (EDX) analysis, and the thermal behaviour of the inks with 
thermogravimetric analysis and differential scanning calorimetry. The chapter 
concludes with a description of the electrical measurement setup. 
4.2 Sample preparation 
4.2.1 Ink production 
Two formulations of touch-pressure sensitive conductive ink, formulated at Peratech, 
were investigated in this study: opaque ink and transparent ink. While they comprise 
different components, their overall method of manufacture is the same. This process 
is summarised in the flow chart figure 4.1. The screen printing process is described in 
detail in Chapter 2.  
The opaque ink comprised a proprietary blend [124] of Ishihara FT-2000 
titanium dioxide needles with a semiconducting antimony-doped tin oxide surface 
coating, and Kronos Type 1080 electrically insulating, approximately spherical 
titanium dioxide nanoparticles, all dispersed in a flowing polyvinyl resin base ink, 
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Sericol VA401 APR Varnish. All the ingredients were commercially obtained and the 
filler particles were produced via chemical synthesis methods [125] [126] [127]. The 
components were blended by a bead mill at 4000 rpm. 
The transparent ink comprised a proprietary mix [128] of Ishihara antimony-
doped needles (FS10P) and near-spherical (SN100P) nanoparticles, and Microbeads 
CA-6 PMMA spherical beads (used as a spacer material to prevent false touches in 
sensor devices), dispersed in Sericol VA401 APR Varnish. As with the opaque ink, all 
the components were commercially obtained and the filler particles were 
manufactured via chemical synthesis methods [129]. The transparent ink components 
were blended in a bead mill at 3500 rpm. 
  
 
Figure 4.1. The step-by-step process of blending and printing the functional inks used in this study. 
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4.2.2 Fabrication of test device structures 
Test structures were prepared on macor machinable ceramic tile substrates. This 
material was chosen primarily for its low coefficient of thermal expansion (9.3 x 10-8 
°C-1 between 25 and 300 °C) [130], which was beneficial for the temperature and 
touch-pressure dependent electrical transport measurements presented in Chapters 
6 and 7. The as-printed inks are highly sensitive to compression and flexion. A 
substrate that is stable over a wide range of compressive loads and invariant with 
temperature (i.e. does not flex under compression easily and does not significantly 
expand or contract in response to changes in temperature) was required to ensure 
the properties of the ink were being measured, not the properties of the substrate. 
Additionally, the machinable nature of macor ceramic allowed the time efficient 
manufacture, in a mechanical workshop, of tiles in the required geometry for the 
experiment. 
The tiles were machined and polished to have a large flat area for the ink to be 
printed and a tab for making electrical connections. The tile and electrode schematic 
is shown in figure 4.2. Electrodes were formed on the tiles by thermally evaporating 
a 2 nm chromium layer and a 150 nm copper electrical conduction layer, capped with 
a 50 nm gold layer. The chromium was used as an intermediate layer to facilitate 
good adhesion of the conducting copper electrode layer to the ceramic. The electrode 
layer needed a high conductivity as this experiment utilised a two-probe method, 
with the whole electrode surface, apart from the tab seen in figure 4.2 (b), being used 
as the contact area.  
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A four-probe method would involve utilising two contacts to apply a voltage 
and a further two contacts to measure the current passed through the ink. This 
particular setup allows contact resistance to be ignored since the voltage is applied 
through contacts separate from those used to measure the current. The geometry of 
the test device in this study, however, and the necessity to compress the sample 
uniformly, meant that a two-probe setup was a better choice for the electrical 
measurements, as long as the contact resistance was minimised as best possible. This 
is discussed further in section 4.6.1.  
Copper was chosen as the bulk electrode layer due to its good electrical 
conductivity and low cost relative to other typical electrode materials, such as gold. A 
thin capping layer of gold was employed to prevent oxidation of the copper during 
the heating cycles and, as an added benefit, to further reduce the contact resistance. 
The inks were screen printed directly onto the electrodes and air dried in a furnace at 
90 °C. A printed sample is shown in figure 4.3. 
 
Figure 4.2. (a) A side view schematic illustration of the functional test device, not to scale. (b) An image of 
the electrode prior to the printing of the nanocomposite. 
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4.3 Scanning electron microscopy 
Understanding the structure of the complex nanocomposite inks in this study 
involved detailed high resolution electron microscopy. The relevant methods are 
described here. 
4.3.1 Operation overview 
Scanning Electron Microscopy (SEM) is a powerful technique for acquiring high 
resolution images of surfaces. A schematic illustration of an SEM is provided in figure 
4.4 [131]. The images are created by the interaction of a highly focussed beam of 
electrons (produced through thermionic and/or field emission from a tungsten tip, 
detailed in Chapter 3, and focussed with electromagnetic lenses) with a sample 
surface; the scanning of this beam across the sample surface area in a raster pattern, 
and measuring the resulting electron intensity, affected by electron interactions with 
the atoms in the surface and the topography of the surface, at each pixel in order to 
form a grey-scale image  [131] [132].  
 
Figure 4.3. An image of a bottom macor element with a printed opaque ink layer. 
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4.3.2 Electron Interactions 
The incident electrons can interact with the sample surface either elastically or 
inelastically. Elastic collisions involve incident electrons penetrating the sample 
surface and impinging on orbital electrons in the sample atoms, resulting in their 
ionisation and, in some cases, damage to the sample surface. Ejected orbital electrons 
become low energy “secondary electrons” which may escape the sample and be 
detected to form an image. Additionally, this type of interaction may produce 
characteristic x-rays if core orbital electrons are ejected; outer electrons fall to fill the 
empty states, releasing energy as photons as they do so.  
Inelastic collisions are incident electrons that are scattered (typically to high 
angles) by atoms in the sample surface, becoming “backscattered electrons”, and 
have an energy comparable to the incident electron beam energy. During the 
 
Figure 4.4. A schematic side view of the main components of a scanning electron microscope.  
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scattering interaction, the incident electrons decelerate, releasing Bremsstrahlung x-
ray radiation. This scattering process is highly dependent on atomic number, so 
materials comprising high atomic number atoms produce more intense backscatter 
electron signals [131] [132].  
The volume in which all of these interactions take place is called the generation 
volume. The size of the generation volume is dependent on the beam energy and the 
atomic number of the sample. If incident electron energy is increased, or if the atomic 
number of the sample is lower, the incident electrons are able to penetrate further 
into the sample surface, and so the generation volume becomes larger. This will 
eventually lead to a loss of image resolution, as the image signal acquired by the SEM 
will be weaker and will not be confined to the surface, it will be of a volume of 
material below and including the surface, making the image a complex integration of 
volume. [131].  
4.3.3 Image formation 
As previously discussed, secondary electrons and backscattered electrons are 
emitted from a surface under electron bombardment and these two signals have very 
different typical energies [131] [132]. As such, different detectors are used to measure 
the intensity of the secondary and backscattered electron signals. X-rays may be 
detected by using either wavelength dispersive or energy dispersive analysis. The 
latter (EDX) is a rapid technique and was used in this study.  
Image artefacts, defined as unwanted distortions of the SEM image, are a 
common problem in microscopy, particularly in the imaging of insulating specimens. 
The most common are detailed in turn: 
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Edges, peaks and areas of high aspect ratio can appear bright in SEM images 
due to the “edge effect”, where charge emission from the surface is enhanced at edges 
and peaks. While this effect helps to give definition to objects in SEM imaging, an 
incident electron beam with too high an energy will lead to very bright areas in the 
resulting image. This is remedied by reducing the accelerating voltage (as before, this 
determines the beam energy). 
When an incident electron beam interacts with a surface, some of the energy of 
the electrons is inevitably transferred to the surface as heat. More delicate samples, 
such as polymers, can be damaged by this localised heating (and this can in turn spoil 
the vacuum of the SEM chamber). Limiting the incident electron energy can help 
alleviate this problem, as well as increasing the working distance, which increases 
the spot size (the area of surface highlighted by the incident electron beam) on the 
surface. The latter option will decrease the resolution, however. 
It is also possible for electron beam deposition to occur during imaging. This 
manifests as dark, rectangular areas on a surface where an image at high 
magnification has been taken. This is reduced by careful and diligent maintenance of 
the SEM chamber, and by taking low magnification images before acquiring high 
magnification images [131] [132]. 
Finally, charging is a very common issue when imaging surfaces with low 
conductivity, or surfaces which are not sufficiently contacted with the sample stub 
holder (which provides an electrical ground for the sample). Charging, or the 
accumulation of charge, can lead to the formation of a large negative electric field at 
the point where the incident electron beam strikes the surface. This results in effects 
such as image shift, deformation and unusual contrast. Sudden emissions of 
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accumulated charge can cause bright flashes and dynamic “psychedelic” bright 
patterns on the surface being viewed, making stable imaging impossible. The sample 
can also become dislodged from the sample stub holder as a result of these 
discharging events. Reducing the incident electron beam energy, coating a surface in 
a conductive material (such as gold or platinum) and ensuring good electrical contact 
to ground are ways of alleviating these artefacts [131]. 
4.3.4 Facility and procedure 
A Hitachi SU70 SEM in the Durham GJ Russell Microscopy Facility, shown in figure 
4.5, was used extensively for structural and compositional analysis of ink samples in 
this study. This model uses a Schottky field-emission electron source (SFEG), which 
can produce probe currents of up to 100 nA. The system can achieve a maximum 
magnification of 8 x 105 and is capable of ultra-high resolutions of 1 nm at a beam 
energy of 15 keV. The SU70 can also use ultra-low landing voltages to slow beam 
electrons just prior to interaction with the sample surface, enabling the user to 
perform shallow surface studies. Additionally, the system is equipped with both EDX, 
wave dispersive x-ray analysis (WDX) and a load lock mechanism. Sample stubs are 
loaded onto a sample holder which sits inside a side chamber affixed to the main 
chamber. The load-lock and side chamber allow samples to be inserted into the 
microscope without ventilating the main chamber (the system used here typically 
maintains a vacuum of approximately 10-7 Torr). This drastically reduces the time 
taken to insert a sample into the microscope helps to reduce the maintenance 
required to keep the main chamber clean. 
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EDX and SEM imaging were undertaken as part of this study. Typically, a 
working distance (the distance between the sample surface and the pole piece of the 
final lens) between 2 and 7 mm was used. This range was determined empirically to 
be a range suitable for obtaining high resolution images of the ink surface.  
Low accelerating voltages were used, normally between 5 and 10 kV. The 
lowest accelerating voltages were used for acquiring high resolution images of the 
ink sample surfaces and also to prevent damage to the surface of some of the ink 
samples; damage to the polymer layer did occur in the imaging of the transparent 
ink. This is detailed in Chapter 5. A 15 mm working distance was used for the EDX 
analysis, as a consequence of the detector set up within the microscope sample 
chamber.  
  
 
Figure 4.5. An image of the Hitachi SU70 scanning electron microscope in the Durham Microscopy Facility. 
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4.4 Focussed ion beam milling 
Ordinary SEM imaging is an excellent surface analysis tool, but in order to view and 
study the structure below the surface, a sample must be either broken to expose a 
cross-section using a technique such as cryo-fracture, or Focussed Ion Beam (FIB) 
milling can be utilised. The basic principles of FIB and its uses, in general as well as 
its application to this study, are detailed below. 
4.4.1 Ion Interactions 
Focussed Ion Beam (FIB) systems are used for micro- and nano-scale milling of 
materials for cross-sectioning, imaging and transmission electron microscope (TEM) 
sample preparation. This milling is achieved by locally sputtering material from a 
sample with a tightly focussed beam of gallium (Ga+) ions. The ions are produced at a 
source comprising a hot tungsten tip coated in liquid gallium, exposed to a large 
electric field. The liquid gallium is ionised and the ions are emitted from the tip 
through field emission. The emitted ions accelerate away from the tip through a set of 
electromagnetic lenses in much the same way electrons are focussed in SEMs. The 
ion beam interacts with the surface of the material and atoms are sputtered from the 
surface. Ions become implanted in the surface of the sample during this process.  
Cross-sections may appear uneven and rugged due to the “channelling effect”. 
Here, the milling of the sample is uneven and is a result of a variable milling rate. The 
variability arises from cutting into inhomogeneous samples that comprise many 
components, air gaps, or randomly orientated grains. This effect can be reduced with 
a polishing cut, where the face of the cross-section is smoothed by milling at a low ion 
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dose. The key interaction of the beam with the sample surface is illustrated in figure 
4.6 [131]. 
4.4.2 Facility and procedure 
A FEI Helios Nanolab DualBeam 600, shown in figure 4.7, in the Durham Microscopy 
facility was employed for milling to expose cross-sections of the as-printed ink for 
high resolution SEM imaging. As the name suggests, this system combines an electron 
beam column and an ion beam column, allowing nano-fabrication and SEM imaging 
in one facility. The two beam columns are oriented at an angle of 52° from each other 
and the sample stage can tilt to be perpendicular to either; the sample can be tilted 
and milled using the ion beam, then the resulting exposed cross-section imaged side 
on by the SEM. The electron beam column also uses a SFEG and is capable of imaging 
to a resolution of 0.8 nm at 15 keV beam energy. The gallium ion source was used to 
mill 5 to 10 µm deep trenches in ink sample surfaces for imaging cross-sections. 
 
Figure 4.6. An illustration of ion/surface interactions in focussed ion beam milling.  
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A platinum cap was deposited on the surface using electron beam- and ion 
beam-induced vapour deposition, prior to the milling, as a sacrificial protective layer. 
Incident ions can damage the face of the cross-section during the milling process; the 
platinum cap acts as a barrier, helping to protect the cross-section from undesirable 
sputtering. The trenches took approximately 15 minutes to mill and comprised of a 
rough cut, followed by a polishing cut at a lower dose.  
4.5 Thermal properties analysis 
4.5.1 Thermogravimetric analysis 
To fully understand any temperature dependent behaviour of functional 
nanocomposite inks, both electrical and physical/chemical temperature dependent 
changes in the ink and its components must be considered. For physical/chemical 
changes, a combination of Thermogravimetric Analysis (TGA) and Differential 
 
Figure 4.7. The FEI Helios Nanolab 600, with key components indicated. The EDX facility is situated 
behind the column 
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Scanning Calorimetry (DSC) has been used. These methods are described below, 
while temperature dependent electrical transport measurements are discussed in 
section 4.6. 
4.5.1.1 Physical principles 
Thermogravimetric analysis is a technique whereby a material is heated in a 
precision pan balance and its mass is constantly measured as a function of 
temperature or time [133] [134]. Changes in the mass of the material imply physical 
and/or chemical processes induced by the increase of temperature. The results from 
this analytical technique may be presented as either a thermogravimetric (TG) curve, 
which is mass change as a function of temperature or time, or as a derivative 
thermogravimetric curve (DTG), where the first derivative of the mass change is 
plotted as a function of temperature or time. An example of a typical TG curve and 
the corresponding DTG curve are shown in figure 4.8.  
The shape of the TG curve is dependent on how the material behaves as 
temperature is increased. Sloping areas of a TG curve indicate a change in the mass of 
the sample material, while flat areas are representative of constant mass and no 
 
Figure 4.8. An illustrative example of (a) a TG curve, and (b) a DTG curve for the same material. 
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change [133] [134]. Similarly, peaks in a DTG curve indicate a point of maximum slope in 
the TG curve, and thus mass change. DTG is useful for analysing complex TG curves as 
even small changes in the slope manifest clearly in the DTG curve. Mass loss in a 
sample material may arise from chemical reactions, decomposition of the sample, 
and the release of adsorbed chemical species. The first of these three may be 
influenced by the atmosphere used for the TG experiment. Most TG analysers are 
capable of holding a custom atmosphere, for example air, oxygen, nitrogen, or even 
vacuum. Furthermore, the shape of a TG curve may be affected by the heating rate, 
the shape of the sample and by the crucible (where the sample sits) geometry.  
Typically, if a sample is heated at a faster rate, it will decompose at a higher 
temperature as the heating rate affects how the sample will decompose and what 
chemical species/compounds it will break down into [134]. Faster heating rates also 
result in a poor distribution of heat energy; a sample may internally reach its 
decomposition temperature when the external temperature has already risen far 
above this point because not enough time has elapsed to allow thermal equilibrium 
to be reached. A flat, open crucible geometry (much like a plate) is preferred as this 
facilitates easier diffusion of gases produced in the sample during the heating 
process. A more confined crucible, such as one shaped as a cone, will limit the 
diffusion of gases and thus the TG curve will show a slower rate of mass change.  
Finally, the sample material particle size and the overall size of the sample are 
important. Large samples do not heat as efficiently as smaller samples and so linear 
heating of a sample (if required) may not be possible. If a sample is composed of 
large particulates, mass change may be altered by the restricted diffusion of evolved 
gases, much akin to more confined crucible geometries. It is therefore more desirable 
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to use small sample sizes and to use powdered samples composed of small 
particulates [134]. 
4.5.1.2 Facility and procedure 
A Perkin Elmer Pyris 1 TGA, shown in figure 4.9, in the Durham University Chemistry 
Department was utilised for this study. The system can record mass changes to a 
precision of ± 0.001 mg, and heat sample materials up to 800 °C at a maximum rate of 
80 °C/min. 10 mg samples of the inks and their individual components, described in 
detail in the next chapter, were placed in the pan balance at room temperature. Fluid 
ink samples were allowed to dry before running the tests. 
  
 
Figure 4.9. The Perkin Elmer Pyris 1 TGA system, with key components indicated. 
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The samples were heated to 130 °C at a rate of 0.5 °C/min (the same rate of 
heating used in the electrical transport measurements, detailed in Chapters 6 and 7), 
and then up to 800 °C at a rate of 20 °C/min.  
4.5.2 Differential scanning calorimetry 
Differential Scanning Calorimetry (DSC) was also utilised in this study to analyse the 
temperature dependent physical and chemical behaviour of both the opaque and 
transparent inks. While TGA is well suited for analysing decomposition behaviour, 
DSC is highly useful for the identification of a variety of chemical reactions and phase 
changes, such as melting points and glass transition temperatures [134]. 
4.5.2.1 Physical principles 
Differential Scanning Calorimetry is a technique which involves heating the sample 
and a reference material, typically aluminium(III) oxide, at a linear rate in a furnace 
and measuring the differential energy required to keep them both at the same 
temperature during this heating process. For example, an increased energy input 
would be observed if the sample underwent an endothermic reaction of some kind, 
as energy would be required to maintain zero temperature difference between the 
sample and the reference. In contrast, less energy would be required during 
exothermic reactions. DSC enables calorimetric measurements of the quantities of 
energy involved in thermally induced chemical reactions and phase transitions as the 
energy input from the DSC furnace is balanced against the energy of 
reaction/transition [134]. An illustrative example of a DSC curve is shown in figure 
4.10. 
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4.5.2.2 Facility and procedure 
A Perkin Elmer Pyris 1 DSC, shown in figure 4.11, in the Chemistry Department of 
Durham University was used to carry out DSC measurements on samples identical to 
those used for the TG analyses. The 10 mg samples were heated in the same way as 
those in the TG experiment, described above. 
 
 
Figure 4.11. A TA Instruments Q1000 DSC system. 
 
Figure 4.10. An illustrative example of a DSC curve, showing some common features DSC curves can be 
used to analyse. 
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4.6 Electrical transport measurements 
An understanding of the electrical properties of a material is not only of academic 
interest but, in the case of the inks studied here, commercial interest too. The touch-
pressure sensitivity exhibited by the inks in this work is a result of the combination 
of their structure and electrical behaviour. Simple diagnostic electrical transport 
measurements are key to discerning the modes of electrical conduction within the 
inks. Measurements of current and voltage, and their relation to each other and to 
temperature, can reveal how charge is transported and also how it may be trapped. 
The measurements undertaken to achieve this goal are detailed in this subsection. 
4.6.1 Physical principles 
Electric transport measurements form the focus of this work on understanding 
electrical conduction mechanisms and charge trapping phenomena in the ink 
materials. A common route for electrical transport investigations is performing 
current-voltage (I-V) sweeps via a two- or four-probe method.  
A two-probe technique was utilised in this work due to the difficulties involved 
in applying a four-probe method, as mentioned earlier. The geometry of the four-
probe method would involve bonding or fixing wires/electrodes to either the surface 
of the ink, or to the sides of the ink. Since the ink is printed to a thickness of about 2-5 
microns, and is uniformly compressed as part of these measurements, the four-probe 
method was deemed unsuitable for this work. Instead, two plane parallel contacts 
were used that facilitated easy compression of the ink samples, as described in 
section 4.2.2.  
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In current-voltage measurements a potential difference is applied across a 
sample and the current is measured. The potential difference is then incrementally 
increased and the current is measured at each increment. Electrical conduction via 
different mechanisms will produce a different I-V curve. For example, ohmic 
conduction is characterised by a linear I-V curve, while quantum tunnelling 
processes and conduction through insulators are uniquely non-linear, as described in 
Chapter 3. Electrical hysteresis may also be indicative of exotic charge transport 
mechanisms as well as charge trapping behaviour. A good example of this is the bulk 
composite called QTC™ which exhibits complex non-linear and hysteretic I-V 
behaviour attributed to a combination of Fowler-Nordheim tunnelling conduction, 
charge trapping, and a pinching effect; traps accumulate enough charge, creating a 
large local electric field, to “pinch off” and block nearby conduction pathways [135]. 
Conduction mechanisms may also exhibit intrinsic temperature dependencies. 
These dependencies may be used to identify certain mechanisms present in a 
material and how this temperature dependence physically originates. For example, 
ohmic conduction in metallic materials is reduced at higher temperatures because of 
the excitation of phonons which scatter conduction electrons, while thermionic 
conduction is increased with increasing temperature as charge carriers gain more 
energy to overcome the workfunction of their parent emitter. These mechanisms are 
covered in more detail in Chapter 3. 
Other physical factors, such as compression, may also impact on electrical 
conduction behaviour. This is exemplified by percolative conduction and the 
narrowing of potential barriers in quantum tunnelling junctions, also discussed in 
Chapter 3. 
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4.6.2 Facility and procedure 
In this investigation, I-V behaviour of touch-pressure sensitive inks was studied at a 
range of compressive loadings and temperatures. Opaque and transparent ink test 
structures, described at the beginning of this chapter in section 4.2, were placed in a 
custom compression rig inside an oven. This rig was designed using Autodesk 
Inventor Professional 2012, the design drawings are shown in figure 4.12.  
The rig comprises a base plate in which the electrically functional test 
structures sit. A thermocouple was fixed into thermal contact with the test device to 
more accurately measure the ink temperature during the measurements. Mass loads, 
made of mild steel, were used to compress the device, and these were held in place 
with a scaffold. The scaffold was slotted onto a support structure comprising three 
cone-tipped rods, shaped as such so the scaffold would remain level in the case of any 
thermal expansion. In addition, a gap of 1 mm was allowed between the scaffold and 
 
Figure 4.12. Autodesk design images of the component parts of the compression rig: (a) the base plate, (b) 
the scaffold to maintain a constant compression vector, and (c) the pegs which screw into the base plate 
to support the scaffold. All measurements are in mm. 
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the mass loads to allow for thermal expansion: if the mass loads and/or scaffold 
expanded and became wedged together, the magnitude of compression experienced 
by the test device would not remain constant through the entire temperature range 
of the experiment. The rig inside the oven is shown in figure 4.13.  
The entire rig was placed inside an oven capable of heating to 250 °C. The 
temperature of the oven was manually controlled, as its own thermostat controlled 
the temperature to an insufficient degree of accuracy and precision (the temperature 
would fluctuate by approximately ± 10 °C around the set temperature). Manual 
control of the oven temperature, using in situ thermocouples, allowed the 
temperature to be set and controlled to ± 1 °C. The test device was connected to a 
computer controlled (using Labview software) Keithley 2420 Sourcemeter. The 
electrical set-up is shown in figure 4.14. An I-V sweep measurement consisted of 
 
Figure 4.13. Image of the compression rig and test device set-up in the oven, with key components 
indicated. 
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loading a mass onto the device at room temperature and allowing the inks’ electrical 
resistance to settle. The voltage across the device was then ramped up from 0 to 10 V 
in 0.1 V increments over 5 seconds, then back to 0 V at the same rate. A further 9 
sweeps were taken for a total of 10 I-V sweeps at room temperature. The 
temperature was then increased by 10 °C and allowed to stabilise for twenty minutes 
before performing a further 10 I-V sweep measurements. This process was repeated 
until the ink was at 100 ° C. The oven was then switched off and left to cool to room 
temperature before increasing the mass loading and repeating the temperature 
dependent I-V measurement cycle.   
 
Figure 4.14. Schematic of the electrical set-up for the temperature and touch-pressure dependent current-
voltage analysis. 
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5. Understanding the physical structure of 
nanocomposite ink 
5.1 Introduction 
In this chapter, the physical structuring and the physical response to 
temperature of the separate ink constituents, and of the as-printed ink samples, 
are detailed. Electron microscopy combined with focussed ion beam milling 
were used extensively to image the surface and cross-sectional morphology of 
the printed inks and their individual constituents, while thermal gravimetric 
analysis and differential scanning calorimetry were utilised to study the 
physical and chemical changes that occur in the inks and their constituents in 
response to temperature. Two distinct inks have been studied as part of this 
thesis: opaque ink and transparent ink. 
5.2 Physical properties of the opaque ink 
The opaque ink is so named because of it’s solid white appearance when printed, the 
physical reasons are explained in the following section. The composition of the 
opaque ink, not only the choice of component materials but also the ratios of the 
components which make up its formulation, were chosen as part of a long iterative 
process with the aim of producing an ink with the best electrical functionality for 
touch-pressure sensitivity. This empirical optimisation process was undertaken 
elsewhere and does not form part of this work. It is this specific formulation that has 
been studied here. 
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5.2.1 Opaque ink constituent structure and 
thermal behaviour 
Scanning electron microscopy was used to analyse the surface and cross-sectional 
structure of the opaque ink components and the as-printed ink layer. The individual 
components and printed ink thermal properties were investigated with thermal 
gravimetric analysis and differential scanning calorimetry. 
5.2.1.1 Structural analysis 
The opaque ink is comprised of acicular (needle-like) titanium dioxide particles with 
an antimony (Sb)-doped tin oxide surface coating (henceforth referred to as needles), 
and roughly spherical wide band-gap semiconductive (essentially insulating) 
titanium dioxide particles (referred to as TiO2 particles from now on), dispersed in a 
flowing polymer binder (which itself is a solution containing some solvents in 
addition to the polymer). The presence of titanium dioxide, which has a high 
refractive index, gives the opaque ink its white colour.  
An SEM image of the needles is shown in figure 5.1(a). While it is difficult to 
ascertain whether the needles truly lie at all angles due to the top-down perspective 
of the SEM image, it can be said that, in the x-y plane, the needles are randomly 
orientated. They have a tendency to clump and smaller needles are seen “stuck” to 
larger needles. This can be a result of electrostatic effects between separate needles. 
A closer view of the needles is shown in figure 5.1(b). The surface of the needles 
appears smooth overall with no distinctive features. The distributions of the 
measured needle length and width, calculated using the microscope control software, 
are given in the histograms in figure 5.2. Both the length and width distributions 
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exhibit a positive skew (a tail to the right), but the width distribution is narrower. 
They have an average length of 1.1 ± 0.1 µm and average width of 87 ± 1 nm. These 
dimensional aspects are controlled during the growth of the needles, which is an 
intricate and complex chemical process and outside the scope of this thesis. An 
energy dispersive x-ray (EDX) spectrum analysis of the needles is shown in figure 
5.3, which confirms the needles comprise titanium dioxide with a doped tin oxide 
surface coating. The near-spherical TiO2 particles are shown in figure 5.4. These 
particles tend to clump a lot and, although they appear to be bonded tightly together, 
in reality they are not. This, as well as the unusual contrast in some areas of the 
 
Figure 5.2. Histogram distributions of the opaque ink needle (a) length, and (b) width. 
 
Figure 5.1. Scanning electron microscope (SEM) images of the opaque ink needles at (a) low 
magnification, and (b) high magnification. 
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image and the over-saturated bright edges, are image artefacts as described in 
Chapter 4. The EDX analysis of the TiO2 particles is given in figure 5.5. There is a 
strong signal for titanium dioxide and, in contrast to figure 5.3, no signal for tin oxide. 
The measured width/diameter distribution of the TiO2 particles is given in figure 5.6. 
 
Figure 5.4. SEM image of the opaque ink TiO2 particles. 
 
Figure 5.3. EDX elemental analysis of the opaque ink needles. 
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The TiO2 particles have a near normal distribution of diameter, with an average 
diameter of 210 nm and a standard deviation of 54.  
5.2.1.2 Thermal analysis 
Titanium dioxide is physically stable over a wide range of temperature and pressure, 
as discussed in Chapter 2 with regard to gas sensing applications. In the temperature 
 
Figure 5.6. Histogram distribution of the opaque ink TiOx particle diameter. 
 
Figure 5.5. EDX elemental analysis of the opaque ink TiOx particles. 
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range utilised in this study (approximately 300 K to 400 K), no transitions occur in 
titanium dioxide [136], so it was decided not to perform thermal analysis on the 
needles or the TiO2 particles. The polymer binder used in the opaque ink is identical 
to that used in the transparent ink. It’s TGA and DSC curves are presented in figure 
5.7(a) and (b). In the TGA curve, a 70 % mass loss is observed up to 150 °C. The 
sample was left to dry before running the test but was not prepared in exactly the 
same way as the printed samples: the polymer was placed on the crucible/pan, not 
printed, and left to dry at room temperature, not in a furnace).  
As a result of this preparation, it is highly possible that much solvent remained 
in the polymer, thus solvent being driven off is responsible for this large observed 
loss of mass from the sample. A decomposition event, completing at 400 °C, takes 
place afterwards. The DSC curve of the polymer features an anomaly shown in figure 
5.7(b) at approximately 80 °C in the heating curve. The heating curve slopes upwards 
and reaches a maximum at just above 120 °C. It is unclear if this signifies a transition 
as the maximum temperature of 130 °C is reached and the cooling cycle begins. 
 
Figure 5.7. Thermal analysis of the opaque (and transparent) ink polymer binder: (a) thermogravimetric 
analysis (TGA) curve, and (b) differential scanning calorimetry (DSC) curve. Arrows indicate the direction 
of the curve. 
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During the cooling cycle, no feature occurs at 80 °C, which suggests the anomaly seen 
in the heating curve may be from either a contamination, a jolt to the system, or some 
other source of error. A very small feature occurs between ~58 and 73 °C however, 
shown in the insert. This could either be an exothermic reaction (unlikely as a 
corresponding event does not occur during the heating ramp), or an artefact, such as 
contamination, a change in the heat transfer to the sample (if the sample changes 
shape or crumbles, for example), or a change in heat flow between the sample pan 
and the sensor. The latter example occurs if the pan (which is hermetically sealed) 
changes shape due to the vapour pressure of the sample, or through thermal 
expansion.   
5.2.2 As-printed opaque ink structure and thermal 
behaviour 
The constituents described in 5.2.1.1 were blended according to the procedure 
outlined in Chapter 4. As-printed samples on macor substrate were examined using 
SEM and FIB, while the ink was applied to a flat crucible for TGA and DSC studies. 
5.2.2.1 Structural analysis 
The as-printed opaque ink has a complex surface structure, as shown in figure 5.8 (a). 
This image shows the needles are randomly oriented in the surface, but there do 
seem to be local areas of alignment and ordering, where the needles point in the 
same or similar direction. The TiO2 particles are more uniformly distributed 
throughout the surface. A closer view in figure 5.8 (b) shows the clumping of both 
particle types has been greatly reduced, compared to the raw component images, 
with many gaps present between the particles in the as-printed layer. As this is a top-
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down image, it is difficult to accurately state the angles at which the needles lie. That 
said, it does appear that some of the needles penetrate into the body of the printed 
layer, but most tend to lie parallel to the plane of the surface.  
High magnification images of the TiO2 particles and needles are given in figure 
5.9(a) and 5.9(b). These images more clearly reveal the gaps between the TiO2 
particles and needles. It is suggested here that these gaps in the ink may lend to the 
as-printed inks compressibility. A discontinuous surface coating is also evident on 
both the TiO2 particles and needles. Indeed, most of the particles appear to have a 
thin surface coating, likely to be the polymer binder. In previous attempts to view 
cross-sections of the printed ink, a cryo-fracture technique was employed due to its 
 
Figure 5.9. SEM images of (a) TiOx particles and some needles in the printed ink surface, and (b) a clearer 
view of a needle in the printed ink surface. 
 
Figure 5.8. SEM image of the as-printed opaque ink surface at (a) low magnification, and (b) high 
magnification. 
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simplicity. The layers did not snap cleanly, however, which made focusing a problem 
in the microscope. Instead, FIB milling was used to mill trenches and image uniform 
cross-sections of the as-printed ink. An example of such a cross-section is shown in 
figure 5.10. At the top of the image a platinum cap can be seen, as well as residual 
damage to the top surface of the printed ink in the background. The platinum cap, 
deposited using electron- and ion-beam induced deposition, was used as a sacrificial 
layer to protect the cross-section face from undesired milling and damage from the 
ion beam. In the cross-section, air-gaps are visible throughout the whole depth of the 
printed layer and it is worth noting that the majority of the needles lie horizontally. 
Near the bottom of the trench, the macor ceramic and evaporated electrode layers 
can be seen. The striations in the trench face are the manifestation of what is termed 
the “curtaining” or “channelling” effect, as mentioned in Chapter 4. This milling 
artefact occurs when the surface is milled at variable rates in different places. This 
can happen because of air gaps in the surface, certain areas of the surface might be 
more difficult to mill than others (due to different materials being present or even 
 
Figure 5.10. Focused ion beam (FIB) milled trench in an as-printed opaque ink sample. 
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varying crystal faces), and as a result of the surface’s inhomogeneous topography. 
The FIB trench in figure 5.11 similarly shows the platinum cap, but, as this trench is 
larger (while the depth of the trench is approximately equal, the total area milled 
away is greater), the bottom of the trench can be seen; the pillars and structures 
jutting out of the bottom of the trench are formed from the channelling effect. This 
trench shows that the electrode layer is not completely flat, but has a topography that 
varies in height by 0.5 to 1 micron. This might be critical in the compressive force 
dependence of the electrical behaviour, as some regions of the ink are effectively 
thinner than in other areas and could therefore be easier to compress into a 
conducting state. 
The opaque ink has a complex structure with the needles and TiO2 particles 
well dispersed and intricately wetted with polymer binder, which could act as a 
potential barrier between adjacent conductive needles. Voids in the surface may lend 
to the compressibility of the ink rather than the pliability of the polymer. While 
 
Figure 5.11. FIB milled trench in an as-printed opaque ink sample. 
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the thermal behaviour of the polymer exhibits a large change in mass, this transition 
is likely due to solvents evaporating. This feature will be absent from samples 
previously furnace dried at 90 °C, as were the samples used in the electrical transport 
measurements. It is unclear how it will behave during successive heating and cooling 
ramps from room temperature to circa 100 °C. 
5.3 Physical properties of the transparent ink 
The transparent ink, like the opaque ink, comprises of particles and polymer binder 
blended in ratios that were tailored by an iterative process. This study examines a 
particular blend of the ink with enhanced touch-pressure sensitive electrical 
behaviour and optimal transparency. 
5.3.1 Transparent ink constituent structure and 
thermal behaviour 
5.3.1.1 Structural analysis 
The transparent ink is similarly comprised of needles and approximately spherical 
particles dispersed in a polymer binder but with an additional component: 6 µm 
diameter poly(methyl methacrylate) PMMA micro-beads, used as spacers. The 
difference is that in this case both particle types are conducting and are made of Sb-
doped tin oxide, and the ratio of polymer binder to conducting particles is much 
greater in the transparent ink. From here, the transparent ink needles will be 
referred to as Sb-needles, while the more spherical particles will simply be referred 
to as Sb-particles. The topography of the Sb-needles is almost identical to that of the 
needles in the opaque ink, as shown in figure 5.12(a). The Sb-particles are also 
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similar to the TiO2 particles in appearance, see figure 5.12(b). Once again, the Sb-
needles and Sb-particles look as though they have been bonded together, but this is 
an image artefact likely to be the result of poor electrical connection to the sample 
holder (the Sb-needle and Sb-particle powders were dispersed onto a sticky carbon 
pad, which was grounded through the sample stub. As the samples are powders, the 
connections between agglomerated areas can be small and discontinuous, leading to 
charge accumulation. This causes image artefacts as discussed in Chapter 4.). The 
PMMA beads, shown in figure 5.13, appear to be near-spherical and are very 
consistently sized. The EDX elemental analysis of both the Sb-needles and Sb-
particles, see figure 5.14, show that they exhibit a strong tin oxide signal. The 
 
Figure 5.13. SEM image of PMMA microbeads. 
 
Figure 5.12. SEM image of the transparent inks (a) Sb-needles, and (b) Sb-particles. 
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size distributions of the Sb-needles are shown in figure 5.15. The distributions share 
the characteristics of those for the needles in the opaque ink: the length of the Sb-
 
Figure 5.15. Histogram distributions of the Sb-needle (a) length, and (b) width. 
 
Figure 5.14. EDX elemental analysis of the Sb-needles and Sb-particles. 
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needles have a positive skew, while the width distribution is more symmetrical. This 
may be because the needles are grown from seeds so the width is largely determined 
by the original seed width, while the length is more variable. Interestingly, the 
diameter distribution of the Sb-particles in figure 5.16 exhibits a negative skew. In 
both the case of the Sb-needles and Sb-particles, it is worth noting that these 
constituents have smaller dimensions than their opaque ink counterparts. The Sb-
needles have an average length of 254 ± 1 nm and average width 41 ± 1 nm. 
Comparing these dimensions with those of the opaque ink needles, the Sb-needles 
are approximately one fifth the length and one half the width. The Sb-particles have 
an average diameter of 67 ± 1 nm, approximately one third of the diameter of the 
TiO2 particles in the opaque ink. The reason for this difference in size becomes clear 
after analysing the topography of printed transparent ink layers, discussed below.  
5.3.1.2 Thermal analysis 
As with the opaque ink, all the separate ink constituents and the blended 
transparent ink were all studied with TGA and DSC individually. 
 
Figure 5.16. Histogram distribution of Sb-particle diameter. 
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The results for the individual components and the blended ink are discussed here in 
turn.  
The TGA and DSC curves for the Sb-doped needles are shown in figure 5.17(a) 
and (b).  The first aspect of this curve to consider is the total percentage mass loss 
over the whole temperature range. Between room temperature and 800 °C, the Sb-
needle powder loses 1% of its total mass. This suggests that the Sb-needles are 
essentially inert when heated in air, with no significant chemical reactions or 
physical changes occurring during the process. Below 50 ° C, a steep decline in the 
curve is observed. This may be attributed to adsorbed gases/chemicals driven off by 
the initial heating. Circa 80/90 °C is a small trough in the curve, caused by a physical 
knock to the experiment. Above this, the curve exhibits a step before undergoing a 
decline.  
While the shape of this decline looks like a decomposition process, the amount 
of mass lost suggests this curve is caused by gas escaping from within the powdered 
sample. The DSC curve in figure 5.17(b) shows a steadily declining heating curve 
with no visible transitions or reactions occurring between 30 and 130 °C. The 
 
Figure 5.17. Thermal analysis of Sb-needles: (a) TGA curve, (b) DSC curve. 
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cooling curve is smooth, except for a small feature between 50 and 70 °C similar to 
that in figure 5.7(b), shown more clearly in the insert. The gentle slope of the DSC 
curve can be attributed to the action of desorption processes. The TGA and DSC 
curves for the Sb-particles are shown in figure 5.18. It is important to bear in mind 
that the Sb-needles and Sb-particles are made from the same material and differ only 
in shape and size. The TGA curve, figure 5.18(a), shows the same initial decline below 
50 °C, indicating the start of desorption of adsorbed gases/molecules. The powder 
loses approximately 3 % of its total mass during this test up to 700 °C, again 
suggesting that desorption is the only significant process occurring here. The DSC 
curve, figure 5.18(b), confirms this, with the heating portion of the curve looking very 
similar to the heating curve of the Sb-needles. Interestingly, the same small feature 
between 50 and 70 °C occurs in the Sb-particle cooling curve, shown in the insert. 
This could be caused by desorption of specific molecules or compounds, some kind of 
exothermic reaction (unlikely given it does not occur during the initial heating 
curve), or an artefact as described above. The TGA curve of the PMMA microbeads, 
shown in figure 5.19(a), shows a mass loss event between approximately 60 
 
Figure 5.18. Thermal analysis of Sb-particles: (a) TGA curve, (b) DSC curve. 
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and 120 °C, with the sample decomposing between 350 to 400 °C. The first feature is 
again likely to be related to desorption processes. The corresponding DCS in figure 
5.19(b) is, like the previous curves, featureless and smooth. It is worth noting that no 
feature is found which corresponds to that seen in figure 5.19(a) between 60 and 120 
°C. Zooming into the cooling curve, a small anomaly is found between 60 and 70 °C. 
This has once again occurred in the same range as the previous anomalies. This 
suggests that, while this might be a glass transition, the possibility of it being an 
artefact cannot be ruled out.  
5.3.2 As-printed transparent ink structure and 
thermal behaviour 
5.3.2.1 Structural analysis 
While the opaque ink was sufficiently conductive to image directly under a SEM, the 
as-printed transparent ink layer is less conductive and SEM analysis was extremely 
difficult due to significant charging effects leading to numerous image artefacts. To 
remedy this situation the printed transparent layers were coated with a 20 nm layer 
 
Figure 5.19. Thermal analysis of PMMA microbeads: (a) TGA curve, (b) DSC curve. 
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of carbon, and this top coating was electrically connected to the grounded sample 
stub on to which the transparent ink samples were fixed. This coating was achieved 
using a Cressington Carbon Coater: it operates by passing a current through two 
conically sharpened carbon rods, in contact with each other via their sharpened tips. 
The current heats the carbon rod tips, the point of contact, and leads to the 
production of carbon.   
An example of the SEM imaging of the printed transparent ink layer is shown in 
figure 5.20. The surface is not as complex as that for opaque ink, due to the fact that 
the ratio of polymer binder to conducting particles is much greater in order to obtain 
high transparency. The conducting particles clump into relatively large aggregates, 
with an average diameter of 7 µm, in the printed ink layer. These are highlighted in 
figure 5.20 and more clearly in figure 5.21, a collection of images, including those 
taken with a backscatter electron detector, where image contrast is associated with 
atomic number. The size of the conducting particles was reduced in the transparent 
ink to tailor the structure of these aggregates. The SEM images of the transparent 
inks were taken at low beam energies (5 kV or less) and at 
 
Figure 5.20. SEM image of the as-printed transparent ink surface. 
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working distances greater than 4 mm because of the fragile nature of the polymer 
layer: higher beam energies or smaller working distances consistently resulted in 
local heating and irreversible physical damage to the polymer layer, which 
manifested as “bullet-holes” in the polymer surface. This is shown in figure 5.22.  
 
 
Figure 5.22. SEM backscatter image of a printed transparent ink layer showing “bullet-hole” damage to 
the polymer as a result of interactions between the polymer and the incident electrons. 
 
Figure 5.21. Example SEM images of the as-printed transparent ink surface using the backscattered 
electron detector in (a) and (b), and the secondary electron detector in (c) and (d). Aggregates are 
highlighted in the dashed yellow circles. 
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Early forms of the transparent ink used larger conducting particles and as such 
featured larger aggregates with rough surfaces. These aggregates lead to undesirable 
electrical behaviour as a result of the aggregates piercing through the top layer of 
polymer binder (leading to short circuits under compression) and becoming 
squashed and flattened after cycles of compression, reducing the touch-pressure 
sensitivity of the electrical behaviour. Examples of these are shown in figure 5.23. 
The addition of the PMMA beads as spacers was also intended to reduce the 
likelihood of sample breakdown via these mechanisms.  
The measured size distribution of the aggregates is presented in figure 5.24. 
The aggregates appear to have a bimodal Gaussian distribution. The reason for this 
bimodality is not yet known: it could be related to the blending process, the printing 
of the ink or even the drying process. Cross-sections, see figure 5.25, reveal the 
aggregates are more densely compacted near the top surface of the printed ink. Air 
gaps are observed throughout the aggregate, but these tend to increase in size 
towards the bottom of the aggregate structure. It is also worth noting that the 
 
Figure 5.23. SEM image of (a) an aggregate bursting through the top surface of a printed transparent ink 
layer, and (b) an aggregate flattened by compressive force. 
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aggregates are approximately as deep as the printed layer. Once again, this cross-
section shows that the macor electrodes are not always very flat, having an 
approximate RMS roughness of 1.0  m. 
5.3.2.2 Thermal analysis 
The TGA of the blended transparent ink is shown in figure 5.26(a). This curve 
appears to be a superposition of all the previous curves but is dominated by the 
thermal response of the polymer binder, showing a ~70 % loss of mass below 100 °C 
and undergoing decomposition by 400 °C. The initial 70 % mass change is once again 
due to solvent loss as the sample was not furnace dried prior to testing. The DSC 
heating curve in figure 5.26(b) features a trough and hump at 40 and 90 °C, 
respectively. This pattern could be related to the drying of the ink. The cooling curve 
has a steady incline but once again contains an anomalous feature between 58 and 72 
°C, shown in the insert. The fact that the anomaly between ~50 and 70 °C occurs in 
every sample suggest it is either a systematic error from the equipment, or more 
likely some kind of undetermined contamination rather than a chemical or physical 
change in any of the samples tested. The transparent ink surface structure is 
 
Figure 5.24. A histogram distribution of transparent ink aggregate measured diameter. 
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characterised by large aggregates sparsely dispersed in polymer binder. Conduction 
between isolated aggregates is unlikely due to their large (several microns) 
separation. The structure within the aggregates is similar to that of the opaque ink, 
 
Figure 5.25. Example of (a) a FIB milled trench of an aggregate in a printed transparent ink layer – the 
edges of the aggregate are highlighted by the dashed yellow lines, (b) a closer view of the cross-section – 
air gaps/voids are highlighted by the dashed yellow circles, the bottom of the aggregate is indicated by the 
solid yellow line.  
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with the Sb-needles and Sb-particles randomly dispersed within the aggregate and 
small voids evident. The compressibility of the transparent ink will be attributed to 
these air gaps but also to the polymer binder, due to its more significant presence. 
The thermal analysis reveals the Sb-needles and Sb-particles are essentially 
chemically and physically inert in response to increasing temperature and that the 
thermal response of the ink is dominated by the thermal properties of the polymer 
binder. As with the opaque ink, it is unclear how the polymer binder and ink 
responds to successive heating/cooling ramps after being furnace dried prior to 
testing. 
5.4 Summary 
The opaque ink comprises nano-scale conducting needles and insulating near-
spherical TiO2 nanoparticles dispersed in an insulating polymer binder. The as-
printed ink has a complex surface structure, and this surface structuring is also 
representative of the cross-section. Small areas of local ordering exist in the surface, 
where some of the needles “point” in the same direction, but generally both the 
 
Figure 5.26. Thermal analysis of a transparent ink sample: (a) TGA curve, (b) DSC curve. 
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needles and the TiO2 particles are well dispersed, with some air gaps present. Some 
needles project out of the plane of the ink surface but generally they tend to lie in the 
plane of the printed ink, both at the surface and within the bulk of the printed ink 
layer. The particles appear to be wetted with polymer binder. This thin coating of 
polymer may be acting as a potential barrier between many of the conductive 
needles, an important factor in quantum tunnelling mechanisms. That said, there will 
also likely be many direct electrical connections between the needles, forming a large 
percolative network.  
The transparent ink is similarly comprised of nano-scale needles and near-
spherical particles dispersed in insulating polymer binder, with the exception that 
both these smaller particle types are conducting in the transparent ink. The particles 
coalesce into large clusters/aggregates, presumably while the ink is wet prior to 
printing. These aggregates are randomly dispersed throughout the ink layer and are 
typically separated by several microns. Quantum mechanical tunnelling of charge 
between aggregates is unlikely due to this large average separation. Cross-sections of 
the aggregates, which are about as thick as the printed ink layer depth, show a 
structure similar to that of the opaque ink cross-section. It is more reasonable to 
suggest that, on the basis of this SEM analysis, much of the charge transport occurs 
within the individual aggregates.  
Thermal analysis reveals the nanoparticles in both inks are very stable over a 
wide range of temperature. The TGA and DSC of the polymer binder shows an 
extensive drying and decomposition process, which reaches completion by 400 °C: 
this dominates the thermal analysis of the blended inks.   
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6. Electrical transport phenomena of opaque 
ink: results and discussion 
6.1 Introduction 
The electrical transport measurement results obtained for the opaque ink, and the 
analysis and physical interpretation, are presented in this chapter. The transport 
measurements were performed as described in Chapter 4, recording current-voltage 
(I-V) curves at a range of compressive loadings and at a range of temperature up to 
100 °C. First, the compressive loading dependence of the electrical behaviour at fixed 
temperature is described and discussed, before the temperature dependence of the 
electrical behaviour is presented and discussed. A physical model describing the 
electrical behaviour is developed here. This consists of two distinct conduction 
contributions and is used in the analysis of the data as a function of temperature. 
Finally, the main findings and conclusions are summarised in the closing section. 
6.2 Compressive force dependence of electrical 
transport 
The I-V curves were obtained according to the method outlined in Chapter 4. An 
example I-V curve (1st sweep) and a repeat measurement, taken at 0.2 N compressive 
force, is shown in figure 6.1(a). Generally, the I-V curves are non-linear and there is 
some electrical hysteresis. This hysteresis shows as the down ramp of the voltage 
produces more current than the up ramp of voltage in the test device. The hysteresis 
is shown in more detail in figure 6.1(b). Subsequent I-V curves (4th, 7th, and 10th 
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sweeps) are compared to 1st sweep in figure 6.2. These data show that the hysteresis 
largely occurs during the 1st sweep, and it is less pronounced in the later I-V sweeps 
 
Figure 6.2. Examples of individual sweeps in series (a) 1
st
, (b) 4
th
, (c) 7
th
, (d) 10
th
 of an I-V cycle taken at 
0.2 N compression and at 20 °C. 
 
Figure 6.1. (a) 1
st
 sweep of an I-V cycle (solid circles) and a repeat measurement (open squares) taken at 
0.2 N compression and 20 °C. (b) A closer view of the electrical hysteresis. The arrows indicate the 
direction of the voltage sweep. Error bars are smaller than the data points. 
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in a cycle. Comparing figure 6.1 to the 1st sweep of an I-V cycle (and a repeat 
measurement), taken at a higher compressive loading of 0.8 N in figure 6.3(a), the 
behaviour has become more linear, and the current passed through the device has 
increased approximately 20-fold. Notice also that the hysteresis remains and is 
shown more clearly in figure 6.3(b). A series of I-V sweeps from a cycle at 0.8 N 
compression are shown in figure 6.4. As in the sweeps shown in figure 6.2, the 
hysteresis is largely observed in the first I-V sweep.  
Figure 6.5 compares the averaged I-V curves taken at 0.2 and 1.0 N 
compression. With increasing compression, the I-V behaviour becomes more linear. 
Figure 6.6 shows the same I-V curves, up to 1.0 N, normalised to their peak current 
values. This figure shows the small increase in linearity as the compressive force 
increases from 0.2 N to 1.0 N compression. The shape and pressure sensitivity of the 
I-V behaviour suggest that complex conduction mechanisms may be present in the 
ink, and that these mechanisms are dependent on the compression of the ink layer. 
Higher compression causes the ink to behave in a more linear, ohmic fashion. 
Additionally, the electrical hysteresis implies a memory effect may be at work. This 
 
Figure 6.3. (a) The 1
st
 sweep of an I-V curve (solid blue circles) and a repeat measurement (open squares) 
taken at 0.8 N compression and at 20 °C. (b) A closer view of the hysteresis. The arrows indicate the 
direction of the voltage sweep. Error bars are smaller than the data points. 
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feature results in the ink having a lower overall electrical resistance on the down 
ramp of the voltage. The resistance response of the ink, calculated from the initial 
resistance from the 1st I-V sweep, to compressive force is summarised in figure 6.7. 
 
Figure 6.5. Averaged I-V curves measured at (a) 0.2 N and (b) 1.0 N compression. Note the magnitude of 
the current passed and the linearity of the behaviour are greater at higher compressions.  
 
Figure 6.4. A series of sweeps in series (a) 1
st
, (b) 4
th
, (c) 7
th
, (d) 10
th
 of an I-V cycle taken at 0.8 N 
compression and at 20 °C. 
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The data suggest that there are three regions of electrical resistance behaviour: first, 
there is an initial dramatic drop in the electrical resistance of the ink at the lowest 
compressions. The decrease of the resistance in response to force slows in the second 
region, between 0.5 and 1.0 N, before falling at a lower rate above 1.0 N compression. 
 
 
Figure 6.7. The electrical resistance response of the nanocomposite ink to compressive force. An initial 
measurement run (solid circles) is compared with a repeat measurement (open squares). 
 
Figure 6.6. (a) I-V curves taken at 5 mass loads and normalised to their peak current values. 
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6.3 Temperature dependence of electrical 
transport 
Electrical transport measurements were taken up to a maximum temperature of 100 
°C. Preliminary work experimented with heating the ink sensors up to 120, 150 and 
200 °C, but I-V sweeps taken at these temperatures resulted in the samples being 
destroyed after one use, preventing repeat measurements. Typical I-V curves taken 
at room temperature, 40, 60, 80 and 100 °C, at four compressions, are shown in 
figure 6.8. As the temperature is increased, the total current passed through the ink 
increases. This effect is thought to be a result of temperature increasing the efficacy 
of tunnelling mechanisms and conduction through the semiconducting material in 
the ink, mentioned in Chapter 3 and discussed in greater detail in section 6.4. Four 
sweeps of an I-V cycle taken at 50 °C are shown in figure 6.9. As in figures 6.3 and 6.6 
the electrical hysteresis is more prominent in the first sweep of the cycle. These are 
compared to four sweeps of an I-V cycle taken at 80 °C in figure 6.10. As before, 
 
 
Figure 6.8. Averaged I-V curves measured at 5 temperatures: 20, 40, 60, 80 and 100 °C. All I-V curves were 
taken at a compression of 0.6 N. 
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Figure 6.10. Example sweeps in series (a) 1
st
, (b) 4
th
, (c) 7
th
, (d) 10
th
 of an I-V cycle taken at 0.6 N 
compression and at 80 °C. 
 
Figure 6.9. Example sweeps in series (a) 1
st
, (b) 4
th
, (c) 7
th
, (d) 10
th
 of an I-V cycle taken at 0.6 N 
compression and at 50 °C. 
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the hysteresis is observed in the first sweep and is seen to a much lesser extent in 
subsequent sweeps. Figure 6.11 shows averaged I-V curves taken at five 
temperatures and normalised to their peak current values. While the curvature of the 
I-V behaviour decreases with increasing compression (higher compression leads to 
more linear I-V), it does not appear to significantly vary with temperature. This 
implies that temperature has an equal effect on all conduction mechanisms. 
6.4 Modelling the conduction mechanisms 
6.4.1 Electrical conduction behaviour in response 
to compressive force 
As discussed in Chapter 3, an electrical conduction model comprising two 
components, linear conduction through direct contacts and non-linear field-assisted 
quantum tunnelling conduction, is developed as the theoretical basis for interpreting 
 
Figure 6.11. Averaged I-V curves measured at 5 temperatures and normalised to their peak current values. 
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and understanding the conduction behaviour in this nanocomposite ink. Equation 6.1 
describes the relationship between the current density and electric field. 
         
           (6.1)  
where σ0 is the linear electrical conductivity; E is the electric field; parameter A 
is related to the frequency of tunnelling events (or the magnitude of tunnelling 
conduction) and comprises numerous physical factors, such as the field 
enhancement; n is an exponent that depends upon the tunnelling mechanisms 
present and can take a value between 1 and 3. In the special case of Fowler-
Nordheim tunnelling n = 2. C is a constant associated with the height of the potential 
barrier.  
This model utilises a simplified expression for the current density of field-
assisted quantum tunnelling from Chapter 3, added in series to a linear, ohmic 
conduction contribution. The linear contribution is considered to originate from 
direct contacting between the conducting acicular particles in the ink. The non-linear 
contribution is attributed to quantum tunnelling between isolated needles and 
isolated clusters of needles. The fitting was performed using Origin® Pro 7 software, 
which automatically optimises the values of each parameter in the model using a 
Levenberg-Marquardt (damped least-squares method) algorithm [137]. The use of this 
model has allowed the extraction of values for the linear conductivity and parameter 
A as a function of both applied compressive force and ink temperature, as well as 
values for the exponent n.  
An example of the fitting of the model to an increasing I-V curve measured 
under 0.2 N compression is shown in figure 6.12, along with the statistical residual 
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analysis. The normalised residual analysis involves taking the difference between the 
best fitting model data points and the corresponding observed data points, and 
dividing this difference by the error on the observed data points. A good fit is 
characterised by randomly distributed residuals which are nominally constrained 
between ±2. Upon first inspection, the fit appears to be very good but the residual 
analysis reveals some interesting details. Firstly, the model is a poor description of 
the electrical behaviour below 0.5 µVm-1. Specifically, the model predicts a greater 
current density than that observed in practice. At higher electric field, while the 
residuals generally lie between 2 and -2, their distribution has some ordering which 
also suggests that the model is incomplete.  
Figure 6.13(a) shows an example fit to increasing I-V data taken at 0.6 N 
compression. Again we see that the fit appears to be good, but the same patterns are 
 
Figure 6.12. An example of the fit of a model comprising linear and non-linear conduction contributions to 
a 10 sweep average increasing I-V curve taken at 0.2 N compression and 20 °C. The model fit is shown as a 
solid red line. Below is a normalized residual analysis of the fit to the data. The dashed green lines 
represent the boundaries for an acceptable fit. 
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found in the residuals: the model performs poorly in the low electric field limit and 
the residuals show some order at higher electric field values. The same fitting 
behaviour is exhibited in figure 6.13(b), which is a fit of the model to the increasing I-
V curve taken at 1.0 N compression. As the compression is increased, the residuals 
below 0.5 µVm-1 steadily improve from -18 in figure 6.12 to -4.5 in figure 6.13(b), but 
still suggest the model is not a good description of electric conduction at low voltages 
in the nanocomposite. Examples of fits to decreasing I-V data are shown in figure 
6.14. 
The model fit behaves in the same way here, being a more accurate description 
of conduction at higher electric field values. As mentioned previously, the use of this 
model allows the extraction of two parameters: the linear conductivity σ0, and the 
non-linear parameter A which quantifies the conduction attributed to field-assisted 
tunnelling. Figure 6.15(a) shows the behaviour of the linear conductivity, σ0, as a 
 
Figure 6.13. An example of the fit of a model comprising linear and non-linear conduction contributions to 
a 10 sweep average increasing I-V curve taken at 20 °C under (a) 0.6 N compression, and (b) 1.0 N 
compression. The model fit is shown as a solid red line. Below is a normalized residual analysis of the fit to 
the data. The dashed green lines represent the boundaries for an acceptable fit. 
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Figure 6.14. Example fits of a model comprising linear and non-linear conduction contributions to 10 
sweep averages of decreasing I-V data at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N and (d) 0.8 N compressive force, and 
at 20 °C. The solid red line is the model fit, the open blue circles are the observed data. The green dashed 
lines in the residual analysis plots are guides to the limits of an acceptable fit. Error bars are smaller than 
the data points. 
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function of compressive force from increasing and decreasing I-V curves at room 
temperature. Initially, the linear conductivity rises at an increasing rate. As the force 
increases beyond 1 N, the linear conductivity then increases more slowly. This 
suggests the ink is nearing complete compression and thus is approaching a 
maximum possible electrical conductivity under these given temperature and 
pressure conditions. The parameter A exhibits similar behaviour as a function of 
compressive force as shown in figure 6.15(b). Parameter A increases at an increasing 
rate up to 1 N, and between 3 -4 N compression it reaches a plateau, again indicating 
the nanocomposite is near maximum compression.  
Figure 6.15 shows that the linear conductivity is similar for increasing and 
decreasing voltage ramps, but in contrast also shows that generally the non-linear 
conductivity is greater on the down-ramp than the up-ramp. Thus the non-linear 
component is the apparent cause of the electrical hysteresis. This may be related to 
charge trapping phenomena: charge becomes trapped during the up-ramp, thereby 
reducing the current flow. However, these traps fill up at higher voltage and by the 
time the maximum voltage has been reached are filled. Therefore they no longer 
 
Figure 6.15. The force sensitive behaviour of the (a) linear conductivity σ0, and (b) the A parameter as a 
function of compressive force. The solid circles show the increasing voltage values and the open squares 
show the decreasing voltage values.  
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inhibit current flow. This issue has not been investigated in great detail however, and 
could be a focus for future work as discussed in Chapter 8. 
The relative contributions to the linear and non-linear conductivity are 
compared in figure 6.16. This figure shows that, as the compressive force is 
increased, the contribution to the total electrical conduction from non-linear 
mechanisms increases, reaching a maximum above 0.4 N. Above this level of 
compression the total conduction is constituted of approximately 68 % linear and 32 
% is attributed to non-linear mechanisms. The behaviour of the linear and non-linear 
terms suggest that, as compression is increased, the number of direct electrical 
connections between the conducting needles increases due to them being pushed 
together, allowing greater ohmic current flow. Simultaneously, isolated needles and 
clusters of needles are pushed into closer proximity. This results in narrowing of 
tunnelling barriers and hence more pronounced field-assisted quantum tunnelling 
conduction. 
 
 
Figure 6.16. The relative contributions of the linear σ0 (blue circles) and non-linear A (red squares) 
parameters to the total electrical conduction in the ink. The dashed lines are a guide to the eye. 
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Figure 6.17 shows the behaviour of the tunnelling exponent n as a function of 
compressive force at room temperature. It consistently takes a value close to 2, 
except below 0.5 N where the model is inaccurate, which suggests that Fowler-
Nordheim-like tunnelling, as detailed in Chapter 3, may be a significant contributor to 
the non-linear electrical conduction in the nanocomposite. The exponent exhibits 
interesting behaviour below 1 N: the exponent decreases up until 1 N, whereby it 
increases its value. This pattern is more noticeable in the increasing I-V data. This 
may be a real effect or an artefact arising from the model poorly describing the 
conduction at low compression.  
The poor performance of equation 6.1 in describing the low electric field I-V 
behaviour suggests that the electrical conduction in this region may be more complex 
than a series combination of linear and non-linear conductivities. Additional 
pathways, such as the electrodes and ink acting in unison as a leaky capacitor, must 
be considered if an improvement is to be made to the model. That said, too many 
variables will result in a model that can be fitted to any behaviour and it may 
 
Figure 6.17. The value of the tunnelling exponent n as a function of compressive force. The solid circles 
are values from the increasing voltage sweep, while the open squares are values from the decreasing 
voltage sweep. 
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lose the ability to provide genuine insight and understanding of the charge transport 
behaviour. Generally the combination of linear and non-linear conductivities is a 
good fit at higher electric field values, so it is reasonable to suggest that conduction 
arising from direct connections and tunnelling processes become dominant in this 
region. It should also be noted from figure 6.17 that the up and down sweeps are 
different again indicating more complex behaviour perhaps associated with charge 
trapping. 
6.4.2 Electrical conduction behaviour in response 
to temperature 
The temperature dependence of the electrical transport behaviour of the opaque ink 
was studied to provide deeper insight into the conduction mechanisms. The 
temperature dependence of electrical conduction in metals, semiconductors, 
insulators and of quantum tunnelling mechanisms was described in Chapter 3. This 
information has been developed to test the model and fully understand the 
conduction mechanisms at play, namely linear ohmic conduction and non-linear 
quantum tunnelling conduction. The acicular particles in opaque ink are made of a 
titanium dioxide core, coated in antimony doped tin oxide. The titanium dioxide core 
is a wide band-gap semiconductor, while the surface coating is a doped 
semiconductor with good electrical conductivity. As discussed in Chapter 3, 
semiconductor materials generally display an increasing electrical conductivity with 
increasing temperature; electrons are thermally promoted into the conduction band. 
This behaviour follows the relation below in equation 6.2: 
                (6.2) 
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where σ0 is the conductivity, σi is the extrapolated initial conductivity, α is a 
constant equal to Eg/2kB, and T is the temperature. 
 The linear component of the conductivity,  0, in equation 6.1 should obey this 
temperature dependence if there are direct electrical conduction pathways through 
the semiconducting needles in the ink. Figure 6.18 shows the variation of the linear 
conductivity with increasing temperature at 0.2 N compression. We see that the 
linear conductivity rises at an increasing rate as the temperature is increased. Figure 
6.19 shows the linear conductivity as a function of temperature for compressions of 
0.2, 0.6 and 1.0 N. All three show the same general behaviour: the linear conductivity 
increases at an increasing rate with temperature. It is worth noting that the amount 
by which the linear conductivity increases is greater for higher compressions and the 
value of the linear conductivity has increased approximately 10 fold between 0.2 and 
1.0 N compression.  
Figure 6.20 shows example fits of the semiconductor electrical conductivity 
temperature dependence, equation 6.2, to the derived linear conductivity as a 
function of temperature. The residual analysis reveals that the fitting improves 
 
Figure 6.18. The behaviour of the linear conductivity, σ0, as a function of temperature for (a) increasing 
voltage, and (b) decreasing voltage. 
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with increasing temperature and that the model is a poor fit at the lowest 
compressions and temperatures. In fact, the residuals show that the model does not 
predict the correct current density below 40 °C (the observed current is greater than 
what the model predicts). This suggests that the model description does not fully 
encapsulate the electrical conduction near room temperature and that there may be 
other conduction mechanisms that have not been considered. It should be noted that 
the residuals form the same pattern here, though, with more current observed in 
practice than as predicted by the corresponding fitting. Above 40 °C, the model is a 
more accurate description of the linear conduction, with all residual points within the 
acceptance of fit region. On the basis of this fitting, it is reasonable to suggest that the 
linear conductivity term originates from electrical transport through direct contacts 
between the semiconducting material in the needles. Interestingly, if equation 6.2 is 
modified to include a linear offset added to the temperature dependence expression, 
σ = σ0exp(-α/T) + c, the fits improve dramatically, with the residuals indicating a good 
fit in all but the lowest mass loading at room temperature. These can be seen in 
figure 6.21. A physical basis for c could be a residual conductivity associated with the 
 
Figure 6.19. The behaviour of the linear conductivity, σ0, as a function of temperature at three mass 
loadings: 0.2, 0.6 and 1.0 N. 
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Figure 6.20. Example fits of semiconductor temperature dependence behaviour to the linear conductivity 
as a function of temperature at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N, and (d) 0.8 N. The blue circles are the data 
and the solid red lines are the model fits. The green dashed lines in the residual analyses are guides to the 
limits of a good fit. 
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Figure 6.21. Example fits of semiconductor temperature dependence behaviour and a linear offset to the 
linear conductivity as a function of temperature at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N, and (d) 0.8 N. The blue 
circles are the data and the solid red lines are the model fits. The green dashed lines in the residual 
analyses are guides to the limits of a good fit. 
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contact between the ink and the electrodes, but this has not yet been determined.  
The behaviour of parameter A in response to increasing temperature at 0.2 and 
0.4 N compression is shown in figure 6.22. A increases at a steady rate before 60 °C, 
after which point it increases more steeply. This change in the non-linear conduction 
could be linked to a physical change in the ink, or an artefact from not having enough 
data. Increasing the volume of data may improve the resolution of this apparent 
transition. The increase of parameter A with temperature becomes smoother at 
higher compressions, shown in figure 6.23. If the non-linear characteristic observed 
in the electrical transport behaviour of opaque ink is attributed to field-assisted 
quantum tunnelling, then the temperature dependence of the non-linear parameter A 
should follow the temperature dependence outlined in Chapter 3. It is repeated for 
convenience in equation 6.3.  
     
   
      
  (6.3) 
where D is a constant encapsulating a collection of correction factors, ζ is a 
further constant including terms such as the workfunction, and T is the temperature. 
 
Figure 6.22. The behaviour of the non-linear conduction parameter A for the (a) increasing, and (b) 
decreasing voltage sweeps as a function of temperature. 
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Figure 6.24 shows an example fit of equation 6.3 to parameter A as a function of 
temperature at 0.2 N compression. The residual analysis shows that, at this low 
compression, the model is a poor description of the temperature dependence 
 
Figure 6.24. An example of the field-assisted tunnelling temperature dependence (solid red line) fitted to 
the non-linear parameter A at 0.2 N compressive force (blue circles). The green dashed lines in the 
residual analysis are guides to the limits of a good fit. 
 
Figure 6.23. The behaviour of the non-linear parameter A as a function of temperature at five mass 
loadings: 0.2, 0.4, 0.6, 0.8, and 1.0 N. 
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of parameter A. At 0.4, 0.6, 0.8 and 1.0 N compression, however, the fit becomes 
acceptable, as shown in figure 6.25. Overall, it appears that field-assisted tunnelling 
may be responsible for the non-linearity found in the electrical transport 
 
Figure 6.25. Example fits of equation 6.3 (solid red line) to the behaviour of parameter A as a function of 
temperature (blue circles) at (a) 0.4 N, (b) 0.6 N, and (c) 0.8 N compressive force. The green dashed lines 
in the residual analyses are guides to the limits of a good fit. 
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behaviour found in the opaque ink. It may not, however, be the only mechanisms at 
play. The poor fitting at low compression suggests that the model is lacking and this 
concurs with the poor fitting of model 6.1 to the raw I-V data at low electric field 
values; this may be due to additional conduction pathways not yet considered.  
Figure 6.26 shows the relative contributions of the linear conductivity and the 
non-linear conductivity parameter A as a function of temperature, at four different 
levels of compression. At low compression, the increase of temperature has a large 
effect on the relative contributions from linear and non-linear conduction: the non-
linear contribution increases from 24% to 47% share of the conduction as the 
temperature is increased to 100 °C. As the compressive loading is increased, 
 
Figure 6.26. Relative contributions of the linear (blue circles) and non-linear (red squares) parameters as 
a function of temperature at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N, and (d) 0.8 N. The dashed lines are a guide to 
the eye. 
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 temperature changes have a reduced effect on the relative conduction contributions, 
with the contribution from the non-linear mechanisms remaining static at 
approximately 36%.  
This behaviour suggests that, at higher compressions, many tunnelling 
junctions have been compressed into direct connections, so even changes in 
temperature cannot affect the tunnelling contribution too greatly. The poor fitting at 
low temperatures and compression, as well as the large error bars on the 
extrapolated linear conductivity term σ0, suggest that it may not only be direct 
connections and quantum tunnelling responsible for the electrical conduction, 
although these two mechanisms are significant contributors, particularly at higher 
compressions and temperatures.  
6.5 Summary 
The opaque ink exhibits complex non-linear electrical transport behaviour that is 
affected by compression and temperature. This conduction can be reasonably 
described as a summation of two conduction mechanisms; linear ohmic charge 
transport from direct connections between the semiconducting needles, and non-
linear charge transport attributed to quantum tunnelling processes. Increasing the 
compression of the ink pushes the needles into closer proximity, creating new direct 
contacts and narrowing tunnelling barriers, resulting in an increase of both linear 
and non-linear conduction. Increasing the temperature of the ink similarly increases 
the linear and non-linear conduction: the former may arise from thermal excitation 
of charge carriers into the conduction band of the semiconducting material, while in 
the latter case, the increase in temperature provides charge carriers with extra 
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energy to either hop over or tunnel through potential barriers. Modelling of the 
temperature dependent behaviour provides further clear evidence for the quantum 
tunnelling conductivity of the electrical transport behaviour. The evidence of 
hysteresis indicates more complex mechanisms are also present that may be 
associated with space charge and trapping. 
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7. Electrical transport phenomena of 
transparent ink: results and discussion 
7.1 Introduction 
The transparent ink has been investigated in detail and the results and analysis of the 
electrical transport measurements are presented in this chapter. The measurements 
were taken according to the method detailed in Chapter 4. The I-V curves were 
obtained from room temperature up to 100 °C, the reason for which is identical to 
that stated in the previous chapter. The results are presented in the same fashion as 
those in Chapter 6: the behaviour of the electrical transport in response to 
compression at room temperature is first described, before moving on to describe 
the temperature dependence behaviour and a discussion of the conduction 
mechanisms. Again, a model comprising two conduction constituents was used to 
analyse and interpret the I-V characteristics and the temperature dependence of this 
behaviour. 
7.2 Compressive force dependence of electrical 
transport 
The I-V data were acquired using the method presented in Chapter 4. An example of 
the first sweep of an I-V cycle, under 0.2 N compressive force and at room 
temperature (20 °C), is shown in figure 7.1(a). The curve is highly non-linear and 
there is significant electrical hysteresis, where the current is much larger for a given 
voltage on the down ramp of the voltage, which indicates a lower ink resistance. 
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Subsequent I-V sweeps from the cycle are compared to the 1st sweep in figure 7.1(b), 
(c) and (d). As with the opaque ink, the electrical hysteresis is significantly larger in 
the 1st voltage sweep of the 10 sweep cycle. Comparing figure 7.1(a) to an I-V sweep 
taken at a higher compressive loading, for example at 0.8 N, see figure 7.2(a), it can 
be observed that the behaviour is still non-linear, but the current through the device 
has increased approximately 100-fold. Also, similar hysteretic behaviour was still 
observed, as shown in more detail in figure 7.2(b). Four I-V sweeps taken at 0.8 N 
compression are compared in figure 7.3. Comparing these to the sweeps in figure 7.1, 
the hysteresis is still predominantly in the first sweep of a cycle. Some of the I-V 
sweeps contain anomalous peaks, as seen in the insert of figure 7.3(a). Further 
examples of these peaks are shown in figure 7.4. These peaks typically occur during 
 
Figure 7.1. I-V sweeps (a) 1, (b) 4, (c) 7, (d) 10 of an I-V cycle taken at 0.2 N compression and at 20 °C. The 
error bars are smaller than the data points. 
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the increase of voltage in the first sweep in an I-V cycle, at random values of 
compression and temperature. The trapping of charge and a subsequent release of 
charge has resulted in similar observations in bulk QTC™ composites [6] [135]. 
 
Figure 7.3. Sweeps (a) 1, (b) 4, (c) 7, (d) 10 of an I-V cycle taken at 0.8 N compression and at 20 °C. The 
insert shows in more detail an anomalous peak. The increasing voltage ramp is indicated by solid arrows, 
while the decreasing voltage ramp is indicated by dashed arrows. Error bars are smaller than the data 
points. 
 
Figure 7.2. An example of (a) the first sweep of an I-V curve (solid blue circles) and a repeat measurement 
(open red squares) taken at 0.8 N compression and at 20 °C, and (b) a closer view of the hysteresis. The 
arrows indicate the direction of the voltage sweep. Error bars are smaller than the data points. 
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The structure of the transparent ink is somewhere between the opaque ink and bulk 
QTC™ composites, thus a similar physical basis for the anomalous I-V peaks may be 
plausible. Figure 7.5 compares mean average I-V curves (calculated from the full 10 
sweeps in a cycle) taken at 0.2 and 1.0 N compressive loading. As compression 
increases, the I-V behaviour, at first inspection, does not exhibit a change in its 
linearity. Adopting the same strategy as presented in Chapter 6, normalization of the 
curves can reveal changes in the linearity of the data. Figure 7.6 shows the same I-V 
curves, along with those for 0.4, 0.6 and 0.8 N of compression, which have been 
normalised to their peak current values. It is found that the curves become more 
 
Figure 7.5. I-V curves (10 sweep average) taken at (a) 0.2 N and (b) 1.0 N compression. 
 
Figure 7.4. Examples of anomalous peaks in the I-V data at (a) 0.2 N compression, 90 °C, and (b) 3 N 
compression, 20 °C. The solid blue circles (and solid guide arrows) are the increasing voltage sweep, while 
the open red squares (and dashed guide arrows) are from the decreasing voltage sweep. 
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linear as the compression is increased and this is covered in more detail in later 
model fitting. The non-linearity of the I-V curves suggests complex conduction with 
some compression dependence that is best shown in figure 7.6. The response of the 
electrical resistance to compressive force, calculated using the initial ink resistance 
from the first sweep I-V data and a repeat I-V measurement, is shown in figure 7.7. 
There is a large initial drop in the resistance between 0.2 and 0.6 N, after which the 
resistance decreases much more slowly up to 1 N of compression.  
Overall, compression appears to act on the transparent ink in a similar manner 
as it does on the opaque ink. As compression is increased, the total current passing 
through the ink increases, while the curvature of the I-V behaviour decreases. 
Anomalous peaks in I-V curves at random compressions and temperatures are 
observed. These are possibly a result of trapping and subsequent release of charge. In 
contrast, the anomalous peaks are absent in the opaque ink’s electrical behaviour.  
 
Figure 7.6. Average I-V curves taken at 5 mass loads and normalized to their peak values. The insert 
presents a closer view to show how the linearity of the I-V slowly increases with increasing compression. 
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7.3 Temperature dependence of electrical 
transport 
Electrical transport measurements were taken as a function of temperature up to a 
maximum of 100 °C, while some samples were tested only up to 70 °C. Samples that 
were heated above 100 °C, and in some cases above 70 °C, became unusable (short 
circuiting) after a single measurement run, preventing testing of the sample under 
different compressive loadings or repeat measurements. Typical I-V curves taken at 
20, 40, 60, 80 and 100 °C, and under 0.8 N of compression, are shown in figure 7.8. As 
the temperature is increased, the current passed by the test device also increases. 
Four sweeps of an I-V cycle taken at 50 °C, 0.6 N, are shown in figure 7.9. In this I-V 
cycle, the hysteresis is observed in all of the sweeps to approximately the same 
 
Figure 7.7. The electrical resistance response of the nanocomposite ink to compressive force. An initial 
measurement run (solid blue circles) is compared with a repeat measurement (open red squares). The 
dashed lines are a guide to the eye. 
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degree. Figures 7.10 and 7.11 show the first four sweeps of I-V cycles taken at 60 and 
80 °C, under 0.6N, respectively. These demonstrate the same overall features seen in 
 
Figure 7.9. Example sweeps in series (a) 1
st
, (b) 4
th
, (c) 7
th
, (d) 10
th
 of an I-V cycle under 0.6 N of 
compression at 50 °C. Error bars are smaller than the data points. 
 
Figure 7.8. I-V curves (each a 10 sweep average) at 5 temperatures: 20, 40, 60, 80 and 100 °C. All I-V 
curves were measured with the sample under a compression of 0.8 N. The error bars are smaller than the 
data points. 
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Figure 7.11. Example sweeps in series (a) 1
st
, (b) 4
th
, (c) 7
th
, (d) 10
th
 of an I-V cycle under 0.6 N of 
compression at 80 °C. Error bars are smaller than the data points. 
 
Figure 7.10. Example sweeps in series (a) 1
st
, (b) 4
th
, (c) 7
th
, (d) 10
th
 of an I-V cycle under 0.6 N of 
compression at 60 °C. Error bars are smaller than the data points. 
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figures 7.1, 7.3, and 7.9. The first sweep has significant hysteresis while subsequent 
sweeps show little hysteresis. This is the case for most of the I-V cycles at all 
compressions and temperatures, but there are occasional exceptions such as those 
presented in figure 7.9. Note that the peak current in figures 7.9 to 7.11 increases as 
the temperature of the system is raised.  
It is difficult to tell much about whether the curvature of the I-V behaviour 
varies with temperature from these graphs, so 5 averaged I-V curves have been 
normalised to their peak current values and are shown in figure 7.12. Much like the 
opaque ink, the curvature of the I-V behaviour does not vary significantly or in any 
specific pattern with increasing temperature, implying temperature affects the 
conduction mechanisms within the ink equally. While temperature affects the 
electrical behaviour uniformly (meaning the I-V curvature is unchanged), the 
electrical behaviour is more sensitive to compression; the peak current increases 
 
Figure 7.12. I-V cycles at five temperatures normalized to their peak current values. The insert highlights 
the variation of the I-V curvature with temperature. 
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100-fold between 0.2 and 0.8 N compression, while increasing only 20-fold between 
20 and 100 °C. 
7.4 Modelling the conduction mechanisms 
7.4.1 Electrical conduction behaviour in response 
to compressive force 
In order to understand the conduction behaviour the electrical transport data was 
modelled with a system containing linear (ohmic) and non-linear conduction 
contributions. The conduction model combining linear conduction that was 
attributed to direct contact percolative conduction, and a non-linear term presumed 
to be associated with field-assisted quantum tunnelling conduction. The model 
introduced in Chapter 6 was used here for fitting to the I-V data. 
Similarly to its application to the opaque ink in Chapter 6, the linear 
contribution was considered to originate from direct contact between the conducting 
particles in the printed ink, while the non-linear contribution is attributed to some 
form of quantum tunnelling between isolated conducting particles and isolated 
clusters of conducting particles. As before, the modelling was used to determine 
values for the linear conductivity σ0 and the non-linear contribution, via the 
parameter A, as a function of both compressive force and temperature. Values for the 
tunnelling exponent n were also obtained to gain some insight into the tunnelling 
mechanism. An example of the model fitted to an increasing voltage I-V curve, 
measured under 0.2 N compression, is shown in figure 7.13 along with the statistical 
normalised residuals. As with the case of the opaque ink, the model used here 
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provides a poor description of the electrical behaviour below a value of 0.5 µVm-1, 
where the model predicts a higher current density than that observed. At higher 
electric fields, the statistical residuals lie within the ±2 limits, indicating a good fit of 
the data to the two component model. The residuals, however, show non-random 
variation which suggests the physics is more complex on the fine scale.  
Figure 7.14(a) shows an example of a fit to an increasing voltage I-V curve 
taken at a compression of 0.6 N. The fitting below 0.5 µVm-1 is slightly better, but still 
lies outside the limits for a statistically reasonable fit. Similar small scale non-random 
variations of the residuals are also observed at higher electric field. Similar behaviour 
is observed up to 1.0 N of force, where there are further improvements of the fitting 
at low electric field, see figure 7.14(b). As the compression increases, the residuals 
below 0.5 µVm-1 improve, which is encouraging, but ultimately show the model is a 
 
Figure 7.13. An example of the fit of a model, comprising linear and non-linear conductivity terms, to a 10 
sweep average increasing voltage I-V curve taken at 20 °C under 0.2 N compression. The model fit is 
shown as a solid red line. Below is a normalised residual analysis of the fit to the data. The dashed green 
lines represent the boundaries for an acceptable fit. 
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poor description of the electrical conduction processes at the very low electric field 
values. As stated before, the model predicts a higher current than that observed, so 
perhaps charge transport occurs via an alternate, less efficient mechanism, or is 
inhibited, at these low electric fields. The ordering and structure of the residuals at 
higher electric field values suggest that, while the model provides a gross description, 
some details of the conduction processes are not represented in the model. Examples 
of fits to I-V sweeps with decreasing voltage are shown in figure 7.15. The model fits 
the data in the same way, with the fitting being a more precise description of the 
electrical conduction at higher electric field values. Using the best fits of the model to 
the experimental dataset allows the extraction of the linear conductivity σ0, and the 
non-linear parameter A (attributed to field-assisted tunnelling conduction).  
 
Figure 7.14. An example of the fit of a model, comprising linear and non-linear conductivity terms, to a 10 
sweep average increasing voltage I-V curve taken at 20 °C under (a) 0.6 N compression, and (b) 1.0 N 
compression. The model fit is shown as a solid red line. Below is a normalised residual analysis of the fit to 
the data. The dashed green lines represent the boundaries for an acceptable fit. 
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Figure 7.15. Example fits of a model comprising linear and non-linear conduction contributions to 10 
sweep average decreasing voltage I-V curves at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N and (d) 0.8 N compressive 
force, and at 20 °C. The solid red line is the model fit, the blue diamonds are the observed data. The green 
dashed lines in the residual analysis plots are guides to the limits of an acceptable fit. 
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Figure 7.16(a) shows the behaviour of the linear conductivity, σ0, as a function 
of compressive force from increasing and decreasing voltage sweeps at room 
temperature. Similar to the opaque ink, the linear conductivity increases with 
increasing force. The A parameter from the fits exhibits similar behaviour as a 
function of compressive force as shown in figure 7.16(b), although its variation with 
increasing compression appears more linear. Interestingly, disparities between the 
up- and down-voltage ramp measurements are observed for both the linear 
conduction at high forces and non-linear conduction parameters, suggesting that 
both conduction mechanisms are affected and contribute to the electrical hysteresis 
in the I-V data. There is also no clear pattern to the disparities. 
This observation contrasts with the trends observed in the opaque ink in 
Chapter 6, where it appeared only the non-linear conduction varied between the 
increasing and decreasing voltage ramps. The errors on the linear conductivity of the 
opaque ink were quite large, however, so this is still not certain and requires further 
study. 
 
 
Figure 7.16. The behaviour of (a) the linear conductivity, σ0, and (b) the non-linear conduction parameter, 
A, as a function of compressive force. The blue circles show the increasing voltage sweep values and the 
open red squares show the decreasing voltage values.  
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In figure 7.17 relative contributions of the linear and non-linear conductivity 
parameters are compared. This figure shows that as the compressive force is 
increased the non-linear conduction is initially the main contributor to the total 
conduction, but its relative contribution steadily decreases while the linear 
conduction grows to become the larger contributor by 1 N. The behaviour of the 
linear and non-linear parameters suggest that as compression is increased the 
number of direct electrical connections between the conducting particles in the 
aggregates increases due to them being pushed together, allowing more percolative 
current paths. At the same time, isolated conducting particles and clusters of 
conducting particles are also pushed into closer proximity resulting in narrower 
tunnelling barriers and enhancing field-assisted quantum tunnelling conduction. This 
effect appears to be limited, however, with the relative non-linear contribution 
decreasing above 1 N.   
Figure 7.18 shows the behaviour of the tunnelling exponent, n, as a function of 
compressive force at room temperature. The value of this exponent can inform upon 
 
Figure 7.17. The relative contributions of the linear (blue circles) and non-linear (red squares) parameters 
to the total electrical conduction in the ink. The dashed lines are a guide to the eye. 
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the tunnelling mechanism [138]. Anomalous results were obtained at 0.4, 2, 3, and 4 N 
from the fitting of I-V data with increasing voltage, caused by difficulties arising from 
modelling with the anomalous peaks in the I-V data mentioned previously. These 
anomalous peaks lead to largely varying calculated values, with large errors, for the 
linear and non-linear conduction parameters and the tunnelling exponent, as the 
model does not account for such phenomena but the fitting algorithm attempts to 
entirely reproduce the anomalies.   
Despite these issues, the parameter consistently takes a value close to 2, 
suggesting that field assisted Fowler-Nordheim-like tunnelling may be the main 
mechanism for the non-linear electrical conduction in this nanocomposite ink. This 
was also the case for the opaque ink analysed in Chapter 6. 
  
 
Figure 7.18. The behaviour of exponent n as a function of compressive force. The solid blue circles are 
values from the increasing voltage sweep, while the open red squares are values from the decreasing 
voltage sweep. The dashed lines are a guide to the eye. 
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7.4.2 Electrical conduction behaviour in response 
to temperature 
The temperature dependence of the electrical transport behaviour of the transparent 
ink was studied to provide deeper insight into the conduction mechanisms. The 
conducting particles in the transparent ink are antimony-doped tin oxide, which is a 
doped semi-conductor with high conductivity. As mentioned in Chapter 3, 
semiconductor materials generally display an increasing electrical conductivity with 
increasing temperature; electrons are thermally promoted to the conduction band. 
This behaviour follows the relation below in equation 7.1. 
                (7.1) 
where σ0 is the conductivity, σi is the extrapolated intrinsic conductivity, α is a 
constant equal to Eg/2kB, and T is the temperature. 
The linear conductivity, σ0, obtained from the model fits should follow this 
temperature dependence if the physical basis is associated with direct electrical 
connections between the semiconducting particles. Figure 7.19 shows the variation 
 
Figure 7.19. The behaviour of the linear conductivity, σ0, as a function of temperature during the (a) 
increasing voltage sweep, and (b) decreasing voltage sweep under 0.2 N compression. 
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of the linear conductivity with increasing temperature at 0.2 N compression for both 
increasing and decreasing voltage. The linear conductivity behaves in a similar way 
to the linear conductivity of the opaque ink, increasing with increasing temperature. 
An anomalous point in both the linear and non-linear terms is observed in figure 7.19 
at 70 °C. Points such as these, which significantly deviate from average behaviour of 
the ink, correlate with anomalous peaks in the I-V and are a result of how the fitting 
algorithm attempts to replicate the peaks using the model in equation 6.1.  Figure 
7.20 shows the linear conductivity as a function of temperature for compressions of 
0.2, 0.6 and 1.0 N. All three datasets show the same general behaviour: the linear 
conductivity increases with increasing temperature. It is to be noted that data points 
are missing at 90 and 100 °C for the 1.0 N dataset due to sample degradation.  The 
increase of the linear conductivity is larger at higher compressions and the maximum 
value of the linear conductivity increases approximately 10 fold between 0.2 N and 
1.0 N compression. Figure 7.21 shows example fits of the semiconductor electrical 
conductivity temperature dependence, using equation 7.1, to the experimentally 
derived linear conductivity as a function of temperature. The residual analysis 
reveals that the fitting is generally not good and that the model is worst 
 
Figure 7.20. The behaviour of the linear conductivity, σ0, as a function of temperature at three mass 
loadings: 0.2, 0.6 and 1.0 N. Data at 90 and 100 °C for 1.0 N does not exist due to sample failure. 
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Figure 7.21. Example fits of a model of semiconductor temperature dependence of conductivity to the 
linear conductivity as a function of temperature at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N, and (d) 0.8 N. The blue 
diamonds are the data and the solid red lines are the model fits. The green dashed lines in the residual 
analyses are guides to the limits of a good fit. 
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at temperatures below approximately 70 °C. The semiconductor model fit also 
appears to get worse as the compression increases. Addition of a linear offset, as was 
done in Chapter 6 (σ = σ0exp[-α/T] + c), improves the fitting, particularly at high 
temperatures and compressions, seen in figure 7.22. On the basis of this fitting, it 
seems that the temperature dependence of the linear conductivity does not originate 
in the intrinsic temperature dependence of conduction in the semi-conducting 
material. The non-linear component of the conductivity increases very slowly with 
temperature until approximately 60 - 70 °C, where it rises with a larger gradient, see 
figure 7.23. While the non-linear conduction rises rapidly, the associated errors also 
increase with increasing temperature. As with the opaque ink, this change seems to 
be sudden and could be linked to a physical change in the ink.  
Figure 7.24 shows the non-linear conduction parameter A as a function of 
temperature at five compressions. No clear pattern is observed between the 
temperature dependence of parameter A and the compressive loading, unlike the 
case for opaque Ink. As before, the behaviour of the non-linear conduction 
parameter, A, as a function of temperature, has been modelled using the temperature 
dependence of field-assisted quantum tunnelling, described in Chapter 3. It is 
repeated below on the following page for convenience.  
     
   
      
  (7.2) 
where D is a constant and collection of physical factors, ζ is a constant that 
encapsulates several factors such as the workfunction, and T is the temperature. 
Figure 7.25 shows an example of the fitting of equation 7.2 to the non-linear 
 158 
 
 
Figure 7.22. Example fits of a model of semiconductor temperature dependence of conductivity, with an 
offset c, to the linear conductivity as a function of temperature at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N, and (d) 0.8 
N. The blue diamonds are the data and the solid red lines are the model fits. The green dashed lines in the 
residual analyses are guides to the limits of a good fit. 
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conduction parameter A data as a function of temperature under 0.2 N of 
compression. The residual analysis shows that at low compression the model is a 
poor description of the temperature dependence of parameter A.  
At higher compressions (0.4 – 1.0 N), however, the fit does not improve greatly, 
as shown in figure 7.26. The anomalous peaks in the increasing voltage I-V data 
prevent fitting, while the fitting for the decreasing voltage I-V data was better. 
 
Figure 7.24. The behaviour of the non-linear parameter A as a function of temperature at five mass 
loadings: 0.2, 0.4, 0.6, 0.8, and 1.0 N. 
 
Figure 7.23. The behaviour of the non-linear parameter A during the (a) increasing voltage sweep, and 
(b) decreasing voltage sweep, as a function of temperature. 
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Overall, the comparison with the temperature dependent model does not shed 
significant light on the details of the conduction mechanisms at play in the 
transparent ink. At low compression, however, there may be some other, more 
significant effect causing the change in the non-linear parameter, possibly softening 
of the polymer binder material which accounts for a larger percentage of the printed 
transparent ink than it does in opaque ink (though this is only true macroscopically. 
Within the aggregates of the transparent ink, the polymer binder wetting appears to 
be similar to that in the opaque ink), or the process of establishing full contact with 
the upper electrode.  
Figure 7.27 shows the relative contributions of the linear conductivity and 
parameter A as a function of the temperature, at four different compressive loadings. 
 
Figure 7.25. An example fit of equation 7.3 (solid red line) to the non-linear parameter A at 0.2 N 
compressive force (blue circles). The green dashed lines in the residual analysis are guides to the limits of 
a good fit. 
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Figure 7.26. Example fits of equation 6.3 (solid red line) to the behaviour of parameter A as a function of 
temperature (blue diamonds) at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N, and (d) 0.8 N compressive force. The green 
dashed lines in the residual analyses are guides to the limits of a good fit. 
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At low compression, figure 7.27(a), the non-linear term is the dominant contribution 
to the total electrical conduction, but this changes as the temperature increases. In 
fact, the linear and non-linear contributions cross between 30 and 60 °C, before the 
linear term becomes the dominant conduction contribution. The behaviour of the 
relative contributions is not linear and is variable, particularly in the 30 to 60°C 
range. This pattern is repeated at higher compressions, but the linear term is more 
significant at each higher compression. This suggests that tunnelling processes in the 
transparent ink are only significant contributors to the current at low compression 
and temperature. The variability of the contributions, which causes the linear and 
non-linear conduction to cross over, twice in figure 7.27(a) and (b), may be a result of 
the poor fitting caused by the anomalous current peaks in the I-V data, or a complex 
 
Figure 7.27. Relative contributions of the linear (blue circles) and non-linear (red squares) parameters as a 
function of temperature at (a) 0.2 N, (b) 0.4 N, (c) 0.6 N, and (d) 0.8 N.  
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behaviour that is dependent on both the compression and ink temperature. For 
example expansion and, at the higher temperatures, softening of the polymer layer 
could be competing with the thermal and compression dependencies of the linear 
and non-linear conduction contributions. 
7.5 Summary 
The transparent ink displays complex non-linear electrical transport behaviour 
which is affected by both compressive loading and temperature. The electrical 
conduction has been modelled as a combination of two mechanisms: linear ohmic, 
percolative conduction and non-linear conduction attributed to field-assisted 
quantum tunnelling processes. An increase of compression leads to more conducting 
particles being pushed into close proximity, narrowing tunnelling barriers, and/or 
into direct contact, increasing electrical conduction directly through the needles. 
Increasing the temperature of the ink similarly increases the linear and non-linear 
conduction: thermal excitation of charge carriers in the semiconducting particles and 
extra thermal energy input to tunnelling charges may increase the linear and non-
linear conduction contributions.  
The modelling of the transparent ink I-V data suggests that this two component 
conduction regime is not the most reasonable physical basis upon which to describe 
the conduction behaviour. The extracted linear and non-linear conduction 
parameters are more variable than in the case of the opaque ink and have larger 
associated errors. It is likely that the model is lacking finer details in the description 
of the conduction. Physical effects, such as the softening of the polymer binder with 
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temperature, and establishing contact with the upper electrode, may have large roles 
in the conduction behaviour and these are not represented in the model as it is. 
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8. Conclusions and further work 
8.1 Physical structure and thermal behaviour 
In this chapter, the key findings of the research from Chapters 5, 6, and 7 are 
summarised, discussed further and final conclusions are presented. Suggestions for 
extending this research work are also detailed at the end of the chapter. 
8.2 Electrical transport behaviour as a function 
of compression and temperature 
Studies of the physical composition and structure of the inks considered in this work 
have revealed insights into how the composite ink’s behaviour is a function of the 
ways in which its constituent parts interact. The opaque ink comprises acicular 
titanium dioxide needles with a conductive antimony-doped tin oxide surface coating 
(average measured length 1 µm, average measured width 87 nm) and insulating 
near-spherical titanium dioxide nanoparticles (average measured diameter 210 nm), 
dispersed in an insulating polymer binder. This work has shown that the constituent 
nanoparticles, prior to being blended in the polymer, have a tendency to excessively 
clump together, which may be attributed to electrostatic forces between the 
particles.  
Microscopy analysis has shown that the screen printed ink has a complex 
surface structure, with the needles generally well dispersed throughout the surface, 
occasionally forming clumps of 2 to 4 needles. However there appeared to be areas of 
local ordering of the needles. The cause of this arrangement has not been fully 
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explained in the course of this work but may be a result of the screen printing 
process described in Chapter 2. The TiO2 particles, on the other hand, were more 
uniformly distributed throughout the surface, in between the needles and small 
clumps of needles. At high magnification, a surface coating not shown to be present in 
the scanning microscopy analysis of the individual ink constituents was observed 
when imaging the printed ink. This coating comprises the residual polymer binder. 
Across the whole surface air gaps, or voids, were observed. These voids are a likely 
result of residual air bubbles present in the ink prior to printing, and are not a 
deliberate feature. Indeed, bubbles or voids are often detrimental to device 
functionality where uniform and homogeneous printed layers are required. In the 
case of the opaque ink, however, these voids may lend the ink its compressibility in 
what is otherwise a rigid surface structure. 
Focussed ion beam milling, as detailed in Chapter 4, was used to expose cross-
sections in the printed ink and these revealed a cross-sectional structure similar to 
that of the printed ink surface. The printed layers were approximately 2 to 5  m 
thick. The majority of the needles tended to lie in the plane of the surface of the ink, 
although some were seen lying out of the plane. The distribution of the needles, TiO2 
particles and voids appeared to be similar to that observed at the printed ink surface. 
The cross-sections also revealed that the macor ceramic electrodes were not flat, 
having an approximate surface roughness of 1.0  m. This reflects inconsistent or 
incomplete polishing of the macor tiles prior to electrode deposition. 
The transparent ink comprised conductive antimony-doped tin oxide needles 
and near-spherical nanoparticles, and PMMA microbeads (diameter: 6 µm) dispersed 
within an insulating polymer binder. A greater ratio of polymer binder to conductive 
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filler particles was used in this ink to maintain a high optical transparency. The 
individual filler particles were very similar to those used in the opaque ink but were 
smaller: the Sb-needles have an average measured length of 252 nm and average 
measured width of 41 nm, while the Sb-particles have an average measured diameter 
of 67 nm.  
The surface structure of the as-printed transparent ink differed significantly 
from that of the opaque ink, consisting primarily of polymer binder, with self-
assembled aggregates of the filler particles that were distributed randomly 
throughout the whole printed layer. The filler particle size was reduced for the 
transparent ink to help limit the average size of the aggregates formed, as large 
aggregates protrude well above the surface of the printed ink and become easily 
damaged after successive compressions. Also, the large aggregates act as optical 
scattering centres, reducing transparency. The aggregates had an average measured 
diameter of 7 µm and were typically separated from each other by several 
micrometres. FIB cross-sectional imaging revealed that the aggregates had an 
internal structure similar to that of the original opaque ink: they were more tightly 
packed, but voids between the constituent filler particles were observed and it was 
clear that some sedimentation process may have taken place when the ink was 
drying, as larger filler particles were observed towards the bottom of the aggregates. 
The acicular particles in the aggregates appeared to be randomly spatially orientated 
within the aggregates of the transparent ink, more than those in the surface of the 
opaque ink, which tended to lie in the plane of the printed surface. While further high 
resolution cross-sectional imaging is required to confirm this, the distribution of 
orientations suggest that the aggregates form in suspension while the ink is wet, 
 168 
 
prior to printing. Typically, the aggregates bridged the thickness of the entire printed 
ink layer. From the obtained images, it was not clear if the particles in the aggregates 
were fully wetted (i.e. coated) by the polymer. 
The response of the composite inks to temperature was important in an 
academic sense and for applications purposes, providing further insight into 
conduction processes and revealing limitations in potential applications. Thermal 
analysis of the opaque and transparent ink constituents revealed that the filler 
particles for both inks were invariant over a wide range of temperatures but that the 
PMMA microbeads and polymer binder both underwent decomposition at 
approximately 400 °C. A potential glass transition was detected in the TGA of the 
PMMA microbeads between 60 and 120 °C, but this was not verified by the 
corresponding DSC analysis. The TGA of the polymer revealed a ~70% mass change 
when heating from room temperature to 100 °C: this was attributed to solvents being 
driven off as the polymer and ink samples for the TGA and DSC analyses were not 
furnace dried (the ink samples used for the electrical transport measurements were 
furnace dried at 90 °C for up to 30 minutes) prior to the testing. 
8.3 Electrical transport behaviour as a function 
of compression and temperature 
The opaque ink exhibited non-linear I-V electrical behaviour at low compressions. 
Upon further compression, the total current passed through the ink increased and 
the I-V curvature was reduced. Some hysteresis was observed and was consistently 
more pronounced in the first sweep of the ten sweep I-V cycles. A model of the ink 
conduction comprising a linear ohmic term, attributed to direct contact percolative 
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conduction between the conductive particles, and a non-linear contribution 
associated with field-assisted quantum tunnelling (see Chapter 3 for discussions of  
conduction mechanisms) was used successfully to describe this compression 
dependent I-V behaviour.  
The model suggests that direct contact, ohmic conduction was largely 
responsible for the conduction through the ink but, as compression increased, the 
relative contribution from quantum tunnelling processes increased. This was 
attributed to the conductive needles and clusters of needles being pushed into closer 
proximity, together with compression of the thin polymer coating of the needles 
(which acted as a potential barrier for tunnelling conduction), increasing the 
efficiency of quantum tunnelling. The electrical conduction model, however, 
performed poorly at the lowest electric fields where it overestimated the 
conductivity of the ink and therefore did not fully encapsulate the conduction in the 
low electric field regime. Other less efficient conduction mechanisms, which become 
overwhelmed as the electric field is increased, could be responsible for this poor 
agreement. The poor fitting at low electric field improved with increasing 
compression, however. At room temperature, the linear conductivity term accounted 
for approximately 80 % of the conduction and increasing compression reduced its 
relative contribution to ~70 % by 0.6 N. 
As the temperature of the ink was raised, the overall conductivity of the ink 
increased. However, the curvature of the I-V behaviour was still observed, which 
suggested that temperature affected the conduction contributions uniformly. The 
temperature dependence of intrinsic percolative semiconductor conductivity was 
fitted to the extrapolated linear conductivity parameter and provided a reasonable fit 
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above 40 °C and at mid to high compressions. Adding a constant offset to the model 
improved the fitting dramatically: this offset could be attributed to a currently 
unconsidered conduction mechanism or pathway through the ink, such as an 
interaction related to the ink contacting the electrodes. Meanwhile the behaviour of 
the extrapolated non-linear parameter A, as a function of temperature, was modelled 
with an expression associated with the temperature dependence of field-assisted 
quantum tunnelling conduction. This model gave a good fit, suggesting that field-
assisted tunnelling mechanisms formed a significant part of the non-linear 
conduction in the opaque ink.  
At low compression, as the temperature was increased, an increase in the 
relative contribution of non-linear conduction (from ~25 % to ~50 % between 20 
and 100 °C under 0.2 N compression) in the opaque ink was observed. As 
compression increased temperature had a less significant effect on the conduction 
contributions, with the linear and non-linear terms showing little variation with 
temperature (remaining at ~30 % between 20 and 100 °C). At low compression 
increases in temperature provide energy to charge carriers, increasing the tunnelling 
efficiency, but at the highest compressions it is possible that many tunnelling 
junctions have become compressed into direct contacts, countering the effect 
temperature has on increasing the tunnelling current contribution. 
The transparent inks electrical behaviour was macroscopically very similar to 
that of the opaque ink. Both exhibited similar non-linear behaviour at room 
temperature which became more linear as the compression was increased. In the 
transparent I-V data, however, anomalous peaks were observed. These occurred at 
random compressions and temperatures but tended to occur most during the first 
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sweep of a 10 sweep I-V cycle. It is possible that this behaviour was associated with 
charge trapping, particularly trap sites becoming filled or emptying, as similar 
behaviour arising from charge trapping phenomena has been observed in the bulk 
QTC™ composite material. A model comprising linear and non-linear conduction 
contributions was also fitted to the I-V behaviour of the transparent ink. The 
presence of the anomalous peaks made the modelling more challenging but overall 
the model fitted the data well. The model, as in the case of the opaque ink, was a poor 
fit at the lowest electric fields and compressions, again overestimating the current 
passing through the ink, possibly for similar reasons. The derived linear ohmic and 
non-linear tunnelling conduction parameters were also more variable as a function of 
loading than the corresponding parameters for the opaque ink, largely due to the 
difficulty in fitting the model to the data with the anomalous peaks. 
The temperature dependent behaviour of the transparent ink I-V data was also 
similar to that of the opaque ink. The total current passed through the transparent 
ink was seen to increase with increasing temperature, and the curvature of the I-V 
sweeps was similar with increasing temperature. Fitting of the temperature 
dependence of semiconductor conductivity to the linear conduction term was 
generally poor, only becoming a reasonable description of the conduction at high 
compression and above ~70 °C, indicating the linear component of the conduction 
was not wholly attributed to charge transport through semiconducting material. The 
temperature dependence of the non-linear parameter was also not well described by 
the temperature dependence of conduction attributed to field-assisted quantum 
tunnelling at low temperature or compression, but the agreement with the model 
improved as both the compression and temperature increased.  
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Overall, the model developed provides a simple but appropriate method for 
describing the conduction behaviour of the opaque ink. However, the model did not 
describe the finer details of the conduction within the transparent ink. In this case, 
other factors, such as softening of the polymer with temperature and interactions 
between the top surface of the ink and the electrode may have affected the 
conduction behaviour. The model was generally less successful in describing the 
conduction behaviour of the transparent ink: the behaviour here was more complex 
and a further study of the effects of compression and temperature on the polymer 
binder, aggregates and aggregate-electrode contacts is needed to refine the model. 
These results are discussed and links between the structural and thermal properties 
of the composite inks and their electrical behaviour are suggested in the following 
section. 
8.4 Links between the structure, thermal 
properties and electrical behaviour of the 
composite inks 
The structures of the opaque and transparent inks differ greatly and this may be 
critical in explaining why the model, combining linear and non-linear conduction 
terms, works well for the opaque ink but not so well for the transparent ink. 
Quantum tunnelling requires adjacent conductors to be in very close proximity and 
this was largely the case for the opaque ink throughout the entire surface and cross-
section. The conductive needles were well distributed through the ink and appeared 
to be wetted with a thin layer of polymer binder, which acted as a sufficiently thin 
barrier to facilitate quantum tunnelling conduction. As the compression was 
 173 
 
increased, these conductive needles were pushed into closer proximity, increasing 
the efficacy of field-assisted tunnelling processes. Simultaneously, some of the 
needles were pushed into direct contact, increasing the ohmic conduction. 
Additionally, the temperature dependence of the linear and non-linear contributions 
agrees well with the behaviour of semiconductor and field-assisted tunnelling 
conductivity as a function of temperature, indicating the model provides a reasonable 
description of the electrical transport behaviour in the opaque ink. 
In contrast, the conductive particles in the transparent ink formed large 
aggregates randomly dispersed with a spacing of several micrometres. Conduction 
between the aggregates via tunnelling processes is very unlikely. Instead, conduction 
will occur through each aggregate individually. It is unclear as to whether the 
conductive filler particles in the transparent ink were all wetted with polymer 
binder. Higher resolution imaging from scanning electron microscopy is required to 
determine this. If the polymer wetting of the filler particles was incomplete then the 
aggregate might be largely conductive, by percolative means, due to the fact that all 
of the filler particles are conductive and generally in direct contact, unlike the case of 
the opaque ink where the TiO2 nanoparticles were insulating. The transparent ink 
was formulated with proportionally more polymer binder than in the opaque ink, so 
it will have a more significant effect on the ink properties. It is possible that the 
polymer binder underwent significant softening as the temperature was increased.  
The thermal analysis showed a 70 % mass change, associated with the 
evaporation of solvent. This effect could have masked more subtle physical changes, 
such as a glass transition. If the polymer did soften with increasing temperature then 
this would affect how the ink layer was compressed and how the aggregates were 
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contacted with the upper electrode. On the other hand, the polymer could have 
expanded and swelled with increasing temperature, changing the compressibility of 
the ink layer. It is therefore possible that the complex non-linear behaviour observed 
in the transparent ink, while similar to that seen in the opaque ink, arises from the 
interaction of the aggregates and polymer contacting the electrode, or from complex 
physical changes within the polymer affecting the physical properties of the printed 
ink layer as a whole.  
Both these inks are very well suited to touch-pressure sensing applications as 
they both exhibit not only the ability to detect location, but also how hard a press is 
on a touch input. Early variations of the transparent ink were not as durable as the 
opaque ink due to large aggregates becoming deformed and perforating the printed 
ink layers after successive compression cycles, but this has been largely remedied by 
reducing the filler particle size and thus limiting the size of the aggregates. The 
opaque ink was also durable in response to exposure to heat, with some samples 
tested above 100 °C. This is above the average operating temperature of touch inputs 
found in phones and laptop touch pads.  
The same cannot be said of the transparent ink however. Much of the 
temperature and compression dependent I-V work had to be limited to a maximum 
temperature of 70 °C. Above this temperature, the inks exhibited a dramatic increase 
of conductivity, experiencing significant joule heating and subsequent damage. This 
could be problematic if the ink is used in devices which tend to get hot  with use, or 
even if such a device is left in a car on the dashboard on a sunny  day, for example. 
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8.5 Further work 
This research has ultimately provided a deeper understanding of the conduction in 
the opaque and transparent inks. This knowledge will facilitate the continued 
development of the inks: insights into the physical operation of the inks allows 
informed decisions to be made on how to improve the performance and durability 
through the selection of filler particle materials and geometries, insulating matrix 
materials and printing techniques. However, there are still numerous areas in which 
this work could be expanded.  
Firstly, the thermal analysis of the inks could be expanded to include multiple 
sequential heating and cooling curves on samples that are identical to those used for 
electrical testing (i.e. screen printed and furnace dried). In particular, not much is 
known about the polymer binder and the PMMA microbeads. These may or may not 
play a significant role in determining the compression and temperature dependence 
of electrical behaviour in the transparent ink and should be studied further. This 
could be followed up with a study of alternative solutions for the polymer binder and 
spacer beads in an attempt to improve the temperature durability of the transparent 
ink. 
Secondly, direct imaging of the conduction network was intended to be part of 
this research but facilities and time constraints led to the experiment being 
unavoidably dropped. This experiment would involve the use of the electron beam 
induced current (EBIC) technique. An unearthed sample connected in a circuit would 
be placed under a scanning electron microscope and a beam of electrons would be 
scanned over the sample surface. At each pixel, the incident beam interacts with the 
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surface and charge is injected into the sample. The injected electrons then dissipate 
through the percolative conduction network within the composite sample and are 
detected as pulses of current. An intensity map, where image brightness corresponds 
to the magnitude of electric current detected, can thus be generated with bright areas 
indicating the conduction network. A combination of cross-sectional and top-down 
approaches could be used and the sample could be flexed to simulate compression. 
Such an experiment would provide valuable insight into the conduction processes 
and, to the best of the author’s knowledge at the time of writing, would be the first 
instance of EBIC being used to image a percolation network within a composite 
material. 
Thirdly, this research focussed on describing the temperature and compression 
dependence of the electrical behaviour but work could also be undertaken to 
investigate the vapour sensing characteristics of the inks. Both inks already contain 
materials (titanium dioxide and tin oxide nanoparticles) that are used in gas and 
vapour sensors, and can additionally sense gas through interactions between the 
vapour and the polymer binder. Basic characterisation of the sensing ability of the 
inks could be undertaken, such as response time, recovery time and gas selectivity, 
before progressing to attempts to model the chemical and physical basis of the 
vapour sensing characteristic. A future project could also include the development of 
a functional sensor. 
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